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The diagnosis of incipient faults in high-voltage power transmission equipment is vital to the normal operation of
the power grid. Monitoring the contents and variation trends of the decomposition gases is a diagnostic method
widely used to determine incipient faults. Photoacoustic spectroscopy (PAS), with the advantages of fast response
time, compact structure, strong anti-interference ability, and real-time and in-situ monitoring, is an effective
technique to detect decomposition gases for fault diagnostics of high-voltage power transmission systems. In this

review, a brief introduction to PAS’s theoretical background and system requirements is first described. Sub-
sequently, a detailed summary of the recent applications of PAS to high-voltage power transmission systems,
with a focus on fault diagnosis in both oil-immersed power transformers and SF¢-insulated equipment, is pro-
vided. Finally, PAS perspectives for using decomposition gas analysis to monitor faults in high-voltage power

transmission lines are discussed.

1. Introduction

Electrical power systems are networks of electrical components
employed to supply, transfer, and use power, consisting of power gen-
erators, power transmission systems, and distribution systems [1].
Power transmission systems, as indispensable parts, transmit electricity
from power generation centers to load centers. High-voltage power
transmission systems play a significant role in current power systems
due to that a higher voltage in a transmission line greatly improves
transmission efficiency. Knowing the status and conditions of power
equipment is essential to the stability and security of high-voltage power
transmission systems and prevents substantial capital losses [2].
Therefore, ensuring the health and proper operation of high-voltage
power equipment is essential. However, due to manufacturing or oper-
ational imperfections, the equipment inevitably experiences faults such
as discharge and overheating during operation [3]. Most power equip-
ment faults are diagnosed on the basis of electrical, physical, and
chemical parameters [4]. Electrical tests, like insulation resistance and
partial discharge analysis, provide immediate insights but may not
detect subtle faults and risk equipment damage. Physical methods such
as thermal imaging and vibration analysis are effective for operational
health checks but require specialized interpretation and can be impeded
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by external environment influences [5-7]. Chemical parameter testing is
vital for diagnosing faults in insulation equipment and essential for the
stable operation of high-voltage power transmission systems and their
safety and reliability [8,9]. This method can effectively and conve-
niently analyze the chemical composition of the insulating medium,
enabling early fault detection and offering a detailed, preemptive un-
derstanding of equipment condition. The decomposition gas analysis
method is a chemical detection method with the advantages of non-
intrusiveness and protection from harmful electrical interference [10].
It is widely applied in power systems to diagnose insulation faults such
as oil-immersed power transformers and SFg-insulated equipment
[11,12]. Fault detection in these types of equipment relies on identifying
various decomposition gases produced due to distinct defects [13].
These gases manifest at different generation rates and concentrations,
depending on the defect nature. Consequently, the simultaneous and
precise measurement of multiple decomposition gases is crucial for the
prompt and accurate identification of faults in high-voltage electrical
equipment.

Currently, some traditional gas sensors have been developed to meet
some of these applications, mainly including gas detection tubes [14],
gas chromatography-mass spectrometry (GC-MS) [15], and Fourier
transform infrared spectroscopy (FTIR) [16]. The operation of the gas
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detection tube is simple, but it is vulnerable to factors such as temper-
ature, humidity, and storage duration. GC-MS is capable of detecting
gases with multiple compositions and has a high detection limit ranging
from parts-per-trillion (ppt) to parts-per-billion (ppb). However, it is
expensive, requires tedious sample collection, involves a complex pre-
concentration process, and is larger in size. As a result, it is primarily
used for laboratory testing rather than continuous online monitoring or
onsite testing. FTIR detects trace gases with high resolution and fast
response. However, it has the drawback of consuming a large amount of
sample due to the long optical path length, as well as the interference
between different gases in the infrared spectrum. Additionally, its
limited spectral resolution restricts its use in industrial settings. In
contrast, laser absorption spectroscopy detection techniques like
tunable diode laser absorption spectroscopy (TDLAS), photoacoustic
spectroscopy (PAS), and cavity ring-down spectroscopy (CRDS), with
advantages of fast response, high sensitivity, high selectivity, high long-
term stability, and real-time and in-situ monitoring capability, have
reached a mature state. PAS does not directly quantify the attenuation of
light, but instead detects the acoustic signal produced as a result of the
absorption of light by the gas being measured [17]. Consequently, the
presence of a photodetector in PAS is unnecessary, so the choice of
wavelength for the light source remains unaffected by the detector. The
sensitivity of the PAS system is not affected by the length of the gas-laser
interaction, ensuring a compact setup of the system. Currently, PAS has
been implemented across various domains, and the minimum detectable
gas concentration has achieved ppt or even sub-ppt level [18]. The ap-
plications of PAS on the identification of some decomposition gases in
high-voltage power transmission systems have also received widespread
attention.

There is a recent publication that reviewed the applications of PAS in
fault diagnostics of gas-insulated switchgears, in which PAS detections
of SF¢ decomposition gases CO, SO, CF4, and H,S were summarized, but
without the detections of two other major decomposition gases, SOoF»
and SOF, [19]. This review provides a detailed examination of the ap-
plications of PAS in fault diagnostics for both oil-immersed power
transformers and SFg-insulation equipment, with detections of addi-
tional decomposition gases. The review commences with an exploration
of the theoretical background of PAS, followed by a brief overview of PA
systems, encompassing light sources, light modulation, PA cells, and PA
detectors. The concluding section offers a comprehensive summary of
the recent applications of various PAS types in fault diagnostics for both
oil-immersed power transformers and SFg-insulated equipment.

2. Basic principle of photoacoustic spectroscopy
In 1880, A.G. Bell discovered that modulated light can excite
acoustic signals in solids, known as the PA effect, which was then

introduced into the field of gas detection [20]. The essence of the PA
effect lies in the conversion of optical radiation to sound [21], as
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Fig. 1. The processes of PA signal generation.
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illustrated in Fig. 1, depicting the generation and detection of sound in
gas. Through an absorption process, gas molecules go from a low-energy
state to an excited state (vibrational, rotational, or electronic quantum
state) when modulated or pulsed light at a certain wavelength interacts
with the gas sample. The temperature and pressure of the gas increase as
a result of the excited state molecules releasing energy through a non-
radiative relaxation mechanism that converts vibrational energy into
translational (kinetic) energy of gas molecules. An acoustic signal is
produced when temperature and pressure changes as a result of the
stimulating light source’s periodic modulation. This causes the gas in-
side an enclosed chamber to expand and contract. Ultimately, the sound
signal produced is detected by the sound sensor, and the resulting
electrical signal is evaluated to extract pertinent information about the
gas sample.

In the absence of saturation (saturation effect will occur when laser
energy and gas concentration are excessive), PA signals can be expressed
as follows [22]:
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where P is the incident optical power, f is the resonant frequency, Q is
the quality factor of the acoustic resonator, N is the total number density
of molecules, and ¢ is the absorption coefficient. According to Eq. (1),
there are three primary approaches to enhancing PA signals: the selec-
tion of high-power lasers, the selection of a wavelength range with a
high absorption intensity, and the change in the size of the acoustic
resonator and acoustic sensor to achieve a higher Q/f ratio.

To compare the performance of different PAS systems, the minimum
detectable concentration ¢, can be an important criterion, expressed as
Eq. (2) [23]:
= o @
where amiy, is the minimum absorption coefficient (in cm 1) determined
when the PA signal is equal to the noise (signal-to-noise ratio SNR = 1).
Commonly, one or three times the noise standard deviation value is used
to indicate the noise. Another indicator for comparing various PAS
systems is normalized noise equivalent absorption (NNEA) [24],
providing a common basis for comparing various PAS systems, which
can be determined by Eq. (3):
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where Af is the equivalent noise detection bandwidth.

PA gas detection systems generally consist of a light source, an op-
tical modulation module, a gas cell, an acoustic sensor, and a signal
demodulation module. Light sources are classified as non-coherent
(blackbody radiators and light emitting diodes) and coherent (lasers)
based on their radiation properties. When measuring decomposing gases
with an incoherent light source, different narrowband filters are
frequently needed, which reduces spectral resolution and makes it more
difficult to discriminate distinct gases with cross-interfering absorption
signatures [25]. The most widely used coherent light source in PAS is a
distributed feedback (DFB) diode laser, which has the advantages of
compactness, robustness, low cost, and long service lifetime. Never-
theless, their functionality is limited to the near-infrared (IR) spectrum,
which exhibits absorption line strength that is 2-4 orders of magnitude
lower compared to the mid-infrared band. Consequently, an optical fiber
amplifier device is necessary to augment their output power. Moreover,
the restricted tunable range of the laser necessitates the use of numerous
lasers in multi-gas PA detection systems, hence augmenting their in-
tricacy. Another commonly used coherent light source is a quantum
cascade laser (QCL), which has significant dominance in the mid-IR
spectral region. QCL can achieve a tunable range of a few microns and
an output power of several watts, but this requires the use of water

NNEA =
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cooling to effectively dissipate heat.

There are two leading modulation techniques, namely intensity
modulation and wavelength modulation [22]. In intensity modulation
the amplitude of incident radiation is modulated via mechanical chop-
pers, electro-optic modulators, or acousto-optic modulators. The in-
tensity modulation technique is primarily used to detect polyatomic gas
molecules (SFg, SOoF, and CF4), which usually have IR absorption
spectral range exceeding 100 cm™! [26]. However, PAS is no longer a
background-free technique since noise with the same frequency as the
target PA signal will be produced when the intensity-modulated light
irradiates the cavity mirror and the PA cell wall. Therefore, in order to
obtain the PA signal of the target gas, it is usually necessary to subtract
the background signal via vector subtraction [27]. The wavelength
modulation technique alters the frequency of the laser periodically by
modulating the injection current of the laser with a sine wave. Since the
PA effect of the gas is selective to wavelength, a PA signal generated by
the gas analyte absorbing light of a specific wavelength can be obtained.
This PA signal can be distinguished from the constant background noise
caused by the absorption of the PA cell wall and cavity mirrors, which is
not dependent on wavelength. Wavelength modulation is invariably
used in combination with second harmonic detection. In recent years,
wavelength modulated PAS has been widely used to achieve higher
SNRs for molecules with narrow absorption lines due to its background-
free nature [28]. Modulation signals can be demodulated using digital
lock-in amplifier or Fourier transform. Typically, intensity-modulated
signals are demodulated at the resonant frequency, whereas
wavelength-modulated signals are demodulated at the second harmonic.

An ideal PA cell should have the characteristics of amplifying an
acoustic signal while avoiding the generation of noise, a small volume
for low consumption of sample gas, and no absorption of incident light
by other materials [29]. Modifying the structure and dimensions of the
PA cell can alter the resonance mode of the acoustic wave. So far,
different types of PA cells have been suggested [30], including H-type
one-dimensional resonant PA cells with two buffers that prevent flow
noise and window background signals, differential PA cells that can
double signal amplitude and greatly reduce external acoustic noise, and
Helmholtz resonant PA cells with higher sensitivity at lower modulation
frequencies.

The acoustic sensors of PAS applied to fault diagnostics in high-
voltage power transmission systems mainly include capacitive micro-
phones, quartz tuning forks and optical microphones. Capacitive mi-
crophones that convert an acoustic signal into an electric signal are
widely employed in PAS. The benefits of the capacitive microphone are
its low cost, robustness, reliability, and wide frequency range [31].
Unfortunately, the electrical signal generated by the capacitive micro-
phones is very weak and usually needs to be combined with a pream-
plifier, which limits the development of PAS miniaturization.
Additionally, capacitive microphones are susceptible to electromagnetic
interference and temperature variations, limiting their applications. The
QTF, a highly advancing acoustic sensor, has gained prominence in
recent years. It operates by utilizing piezoelectricity to detect vibration
pressure on its tip and then converts the sound wave into an electrical
signal for detection. This eliminates the need for acoustic resonance
conditions in the design of PA cells [32]. The QTF-based PAS is referred
to as quartz-enhanced photoacoustic spectroscopy (QEPAS). QTF is
usually combined with an acoustic micro resonator (AmR) to achieve
signal enhancement. The term used to describe PAS that utilizes an
optical microphone for detecting sound is all-optical PAS. Optical mi-
crophones employ various optical techniques, including as intensity
modulation, fiber Bragg grating, and interferometry, to detect changes
in the surface of the diaphragm or cantilever generated by sound waves.
This allows for the measurement of information about the gas being
analyzed [33]. Due to the absence of electronic components in the
conversion process from acoustic to optical signals, the all-optical PAS is
immune to high temperatures and electromagnetic interference [34].
Nevertheless, the measurement precision of the all-optical PAS is
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susceptible to any environmental vibrations, making it unsuitable for
environments with significant vibration.

3. Applications of PAS to fault diagnostics in oil-immersed
power transformers

3.1. Fault diagnosis of oil-immersed power transformers

Currently, large oil-immersed power transformers remain prevalent
in high-voltage transmission systems, favored for their capacity to
manage higher voltage levels compared to dry-type transformers [35].
As essential and expensive components of the transmission and distri-
bution networks, they play a crucial role in ensuring that consumers
receive electrical energy at the appropriate voltage levels [36,37].
Therefore, maintaining transformers in good condition is crucial for
system reliability. The fundamental causes of transformer faults can be
categorized into electrical, thermal, and mechanical factors, or a com-
bination of these, as illustrated in Fig. 2 [38]. Over the years, a variety of
sensor technologies have been developed for power transformer condi-
tion monitoring, capable of being used in both online and offline fault
diagnosis (Fig. 3) [39-43].

Dissolved gas analysis (DGA) is a widely utilized diagnostic approach
employed by major electrical firms and transformer manufacturers
worldwide [10,44]. DGA is essential for effective transformer health
monitoring and maintenance planning [45]. In order to evaluate and
identify different forms of transformer problems, it entails analyzing
gases dissolved in the transformer oil in conjunction with many systems
[46]. As a diagnostic tool in oil-immersed transformers, DGA detects
gases produced by electrical and thermal stress in the insulating oil [47].
The presence and concentration of these gases indicate different types of
internal faults, aiding in early detection of issues like overheating,
arcing, or insulation breakdown. For example, if overheating fault only
occurs in the insulating oil, the characteristic decomposition gas is
mainly CH4 and CoH4. However, when it is present in both solid insu-
lation materials and insulating oil, CO2 and CO are also produced [48].
The key gases liberated from the transformer insulating materials and
their corresponding faults are summarized in Table 1. The permissible
levels of decomposition gases in the oil of regular oil-immersed power
transformers are as follows: Hy (100 ppm), CoHg (65 ppm), CH4 (120
ppm), CoH; (35 ppm), CoHy (50 ppm), CO (350 ppm), and CO, (2500
ppm) [49]. Currently, there are several DGA interpretation methods,
including key gas analysis, nomograph method, dornenberg and rogers
ratio method, CIGRE method, duval triangle method, and IEC ratio
method. Research indicates that DGA can detect and provide alarms for
about 70% of power transformer problems, despite the fact that these
techniques are based on empirical assumptions drawn from lab results
[50-53]. For precise interpretation of DGA data, it is crucial to have
accurate gas detection. Nowadays, PAS based online DGA monitoring
plays an essential role in dissolved gas detection. Since most gas mole-
cules have strong absorption in the mid-IR and near-IR spectral regions,
PAS detection of oil-dissolved gases (CaoHg, CH4, CoHa, CoHy, CO, CO5) is
mainly in the mid- and near-IR wavelength ranges. According to the
HITRAN database [54], absorption spectra of oil-dissolved gases in the
mid- and near-IR are shown in Fig. 4(a) and (b), respectively. In the
following sections, the research on PAS in oil-immersed power trans-
formers in recent years is summarized according to the different types of
PAS, and are listed in Tables 2 and 3 according to single-gas and multi-
gas detection, respectively, for easy reference.

3.2. PAS for fault diagnosis of oil-immersed power transformers

3.2.1. Traditional photoacoustic spectroscopy

Traditional PAS systems employ different types of PA cells equipped
with capacitive microphones for the amplification and detection of
acoustic signals. Wu et al. developed a second harmonic PAS system
using a tunable erbium-doped fiber laser (TEDFL) operating at
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Causes of transformer faults
L 4
Electrical Mechanical Thermal
factors factors factors
Transient or overvoltage conditions | |Electromagnetic forces Cellulose insulation degradation
Surges (lightening and switching) Mishandling of the transformer Overloading
Partial discharge Winding buckling Operation with nonlinear loads
Conductor tipping Cooling system failure
Spiral tightening Oil ducts blockage
End ring crushing Overexcited condition operation
Coil clamping system failure Operation in high ambient temperature
Transformers leads displacement
Fig. 2. Causes of faults in oil-immersed transformers.
Fault diagnosis methods for oil-immersed transformers
\ 4
Electrical Physical Chemical
parameters parameters parameters
v \ 4 \ 4
Insulation resistance test Thermal measurements Degree of polymerization of insulation paper
Dissipation factor measurement Vibration analysis Furan analysis
Dielectric response methods Interfacial tension analysis and acidity
Sweep frequency response analysis il dielectric breakdown voltage
Transformer turns ratio test Dissolved gas analysis (DGA)
Fig. 3. Fault diagnosis methods for oil-immersed power transformers.
Table 1 microphone is located at one end of the resonant tube, rather than in the
able X . middle [57]. Although the fundamental features of the two PA cells are
The key gases and their corresponding fault. C . .
nearly indistinguishable, the T-type PA cell has a smaller volume
Fault type Major gas Minor gas compared to the H-type PA cell, resulting in a decreased usage of sample
Oil overheating CyHa, CHy CoHe, Ha gas. In a study by Li et al., they proposed the development of a high-
Oil and paper overheating _ CoHy, CHy, CO, €Oz CoHg, H sensitivity multi-pass absorption-enhanced PA system based on an
Partial discharge in oil-paper insulation  CH, H, CO CaHa, €Oz, CoHe infrared broadband light source and two DFB lasers for the detection of
Spark discharge in oil CoH,, Ha / ix dissolved in oil h . ith hol d
Electric arc in oil CoHy, Hy CsHa, CHa, CoHe six dissolved gases in oil [58]. The concave mirror with holes at one en

Electric arc in oil paper H,, CO, C,H,, CO, C,Hy4, CHy, CoHg
Moisture H, /

approximately 1530.3709 nm. They combined this with an H-type one-
dimensional resonant PA cell to detect three dissolved gases and the
interfering gas H20 in insulating oils simultaneously [55]. To effectively
extract the characteristic PA signals corresponding to the central
wavelengths of the four gases, a blind source separation (BSS) analysis
model was proposed. This model is based on overcomplete independent
component analysis (ICA) and the FastlCA analysis algorithm, which
incorporates a weight truncation constraint equation to address the
cross-interference in the absorption characteristics of the gases. In
addition, this algorithm is primarily suitable for the extraction of mix-
tures of gas components with super-Gaussian distributions of lines in the
near IR. Ma et al. employed an erbium-doped fiber amplifier to enhance
the optical output of a near-infrared DFB diode laser to 1 W in order to
counterbalance the weak absorption intensity of CoHy [56]. Using a
multi-pass retro-reflection-cavity-enhanced PA cell (Fig. 5) based on a
one-dimensional H-type resonant PA cell, two right-angle prisms allow
the laser to pass through the PA cell four times, which significantly
enhances the PA signal of CoHy. Wang et al. designed a T-type PA cell for
detecting dissolved CaHy in oil. In contrast to the H-type PA cell, the T-
type PA cell has only one buffer chamber, and the capacitive

and a BaF; window at the other is features of the cylindrical PA cell. The
mid-IR radiation source with four filters used to detect C;Hg, CoHy4, CO,
and CO; is reflected once by a concave mirror, which creates a double-
pass absorption enhancement. The two DFB lasers used to detect CHy
and CyH; are incident into the PA cell from the small hole opened on the
concave mirror through a fiber wavelength division multiplexer (WDM)
coupling. The plane mirror and concave mirror create a chamber in
which the two DFB lasers bounce back and forth several times, greatly
enhancing the PA signal and ultimately achieving ppm levels of detec-
tion sensitivity (Fig. 6).

3.2.2. Quartz enhanced photoacoustic spectroscopy

Ma et al. conducted high-sensitivity detection studies on CoH; trace
gas using on-beam QEPAS [59], as shown in Fig. 7. As an alternative to
the common QTF with a resonance frequency of 32768 Hz, a QTF with a
lower resonance frequency of 30720 Hz was used as the acoustic
microphone in order to enhance the signal amplitude of the system. The
acoustic signal is further enhanced by adding a micro resonator to both
ends of a QTF in order to form a standing wave under the action of the
micro resonator, which increases the PA signal by approximately 8 times
as a result. The minimum detection limit and the normalized noise
equivalent absorption coefficient of the system were calculated to be 2.7
ppmand1.3 x 10" 8 Wem™'Hz /2, respectively. As an alternative to the
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Fig. 4. Absorption spectra of oil-dissolved gases and water vapor in the mid-IR (a) and near-IR (b).
Table 2
Applications of PAS to single-gas detection in oil-immersed power transformers.
Gas Light source Acoustic sensor Wavelength Detection limit Integration time Ref.
Cco DFB laser Capacitive microphone 1567 nm / 1s [64]
DFB laser Capacitive microphone 1567 nm / 1s [65]
CoHj TEDFL Optical microphone 1531.59 nm 0.87 ppb 1s [66]
TEDFL Optical microphone 1530.37 nm 1.56 ppb 100 ms [60]
DFB laser Optical microphone 1532.83 nm 6 ppb 1s [67]
DFB laser Capacitive microphone 1532.83 nm / 1s [57]
DFB laser Optical microphone 1529.78 nm 4.3 ppm 10s [68]
DFB laser Capacitive microphone 1532.83 nm 12.2 ppb 400 s [69]
DFB laser Optical microphone 1532.83 nm 119 ppt 60 s [70]
DFB laser Optical microphone 1532.8 nm 50 ppb 1s [71]
Digital supermode DBR (DS-DBR) laser Optical microphone 1530.37 nm 0.047 ppm 300 ms [72]
DFB laser / 1532.84 nm 3.4 ppb / [73]
DFB laser Optical microphone 1532.83 nm 1.47 ppb 1s [74]
DFB laser / 1531.58 nm 7 ppb 154 s [75]
DFB laser Capacitive microphone 1532.83 nm 0.37 ppb 60 s [76]
IR radiation source Optical microphone 3073 nm 8 ppb 80s [77]
DFB laser QTF 1530.37 nm 2.7 ppm 1s [59]
DFB laser Optical microphone 1532.83 nm 71 ppt 200's [63]
DFB laser Capacitive microphone 1530.37 nm 600 ppt 1000 s [56]
DFB laser Optical microphone 1532.83 nm 0.7 ppb / [78]
CH4 IR radiation source / / 6.9 ppm / [79]
DFB laser Optical microphone 1651 nm 15.9 ppb 1000 s [62]
DFB laser Optical microphone 1650.96 nm 9 ppb 500s [80]
DFB lasers / 1654 nm / 1s [81]
Near-IR Laser Optical microphone 1653.67 nm 130 ppb 10s [82]

common QTF with a resonance frequency of 32768 Hz, a QTF with a
lower resonance frequency of 30720 Hz was used as the acoustic
microphone in order to enhance the signal amplitude of the system. By
adding a micro resonator at both ends of a quartz tuning fork (QTF), the
acoustic signal is significantly amplified, leading to the formation of a
standing wave. This interaction with the micro resonator results in an
approximate eightfold increase in the PA signal. The minimum detection
limit and the normalized noise equivalent absorption coefficient of the
system were calculated to be 2.7 ppm and 1.3 x 10~® Wem 'Hz /2,
respectively.

3.2.3. All-optical photoacoustic spectroscopy

Based on a phthalazinone ether sulfone ketone (PPESK) diaphragm,
Wang et al. demonstrated a highly sensitive extrinsic Fabry-Perot
interferometer (EFPI) fiber acoustic sensor for CoHs detection [60].
The interferometer was utilized to quantify the minute alteration in
optical path induced by the acoustic pressure exerted on the diaphragm.
The EFPI acoustic sensor was placed in the middle of the H-type reso-
nator. The minimum detection limit of ppb level has finally been
reached. Gong et al. used a Parylene-C diaphragm with a thickness of
800 nm and an inner diameter of 9 mm along with a fiber-tip Fabry-
Perot interferometer as the acoustic sensor [61]. A non-resonant cylin-
drical PA cell operating at a frequency of 30 Hz and an IR thermal
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Table 3
Applications of PAS to multi-gas detection in oil-immersed power transformers.

Light source Acoustic sensor Integration time Wavelength Gas Detection limit Ref.

TEDFL Capacitive microphone / 1530.3709 nm CoHs / [55]
1530.3872 nm CO, /
1530.3608 nm CH4 /
1530.3675 nm H,0 /

TEDFL Capacitive microphone / 1531.59 nm CoHy 4 ppb [83]
1565.98 nm Cco 39 ppm
1572.34 nm CO, 34 ppm

IR radiation source Optical microphone / 3050 nm CoHy 0.11 ppm [61]
3220 nm CH4 0.21 ppm
3374 nm CyHe 0.13 ppm
10,688 nm CoHy 0.16 ppm
4685 nm CO 0.15 ppm
4266 nm CO, 0.48 ppm

DFB laser Capacitive microphone 60 s 1532.83 nm CoH, 27 ppb [84]

IR radiation source 3220 nm CH4 24 ppb
3370 nm CoHe 20 ppb
10,690 nm CoHy 39 ppb
4690 nm co 10 ppb
4270 nm CO, 94 ppb

DFB laser Optical microphone 100 s 1532.83 nm CyHy 9 ppb [85]
1650.96 nm CH4 37 ppb

IR radiation source 3355 nm CyHg 17 ppb
10,690 nm CoHy 6 ppb
4690 nm Cco 4 ppb
4270 nm CO, 60 ppb

DFB laser Capacitive microphone / 1520 nm CoHsy / [86]
1654 nm CH4 /

DFB laser Optical microphone 1s 1531.6 nm CoHy 0.27 ppm [87]
1568.4 nm Cco 23.42 ppm

DFB laser Capacitive microphone / 1531.6 nm CoHy 0.5 ppm [58]
1650.9 nm CH4 3 ppm

IR radiation source 3350 nm CoHe 3 ppm
10500 nm CoHy 3 ppm
4700 nm Cco 30 ppm
4300 nm CO, 100 ppm

DFB laser / / 1522.1 nm CoHy 383 ppb [88]
1653.7 nm CH4 2.83 ppm

= Chopper Filters
| Mid-infrared O
| 1 \ Broad-spectrum
N g i Light source .°. PA cell
A - - i
&4 I
/ Plane mirror T Colmaw mh;'or
Right-angle 1-| — - Sioktancie BaF,; window ~
Prsm1 0 TS Jomm  PrismIl ~
Buffer - Microphone  Buffer BaF, window Concave mirror
Fig. 5. Structural diagram of a multi-pass retro-reflection-cavity-enhanced PA A - WDM
cell [56]. - "
radiation source with six filters were used to detect six decomposition p =
gases. The results reveal that the average deviation between the con-
. . . Plane mirror
centration of each component extracted and the actual concentration is PA cell

within 5 %, which indicates that the PAS has the potential to simulta-
neously detect multiple decomposition gases in transformer oil. In a

Fig. 6. Structural diagram of a multi-pass absorption-enhanced PA sys-
recent study, Gong et al. developed a CF4 PA detection system based on a & 8 P P 4

tem [58].
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Fig. 7. Schematic diagram of a QEPAS system [59].

T-type PA cell, a cantilever diaphragm-based fiber optic F-P acoustic
sensor, and a DFB laser [62]. The schematic diagram and actual photo of
the all-optical high-sensitivity resonant PA sensor are shown in Fig. 8.
Demodulation of the PA signal was carried out using fiber white light
interferometry (WLI) [63]. The fiber-optic WLI-based demodulation
approach benefits from the utilization of absolute measurements and is
impervious to fluctuations in optical signal intensity due to its reliance
on the fringe level and phase information of the collected spectrum.

4. Applications of PAS to fault diagnostics in SF¢ gas-insulated
equipment

4.1. Fault diagnosis of SFg gas-insulated equipment

Since the 1960s, sulfur hexafluoride (SFg) has been widely used as an
insulating medium in gas-insulated equipment for high-voltage trans-
mission lines and substations due to its exceptional ability to extinguish
arcs and provide insulation [89]. At present, power systems consume 80
% of the total SFg production [90]. SFg gas-insulated equipment (gas-
insulated switchgear (GIS), gas-insulated cable (GIC), gas-insulated
transformer (GIT), and gas-insulated breaker (GIB)) has a smaller foot-
print, safer and more reliable operation, lower electrical radiation,
longer service life, and easier on-site installation than traditional air
insulation equipment [91-93]. Despite the requirement for multiple
inspections prior to utilization, SFg gas-insulated equipment is none-
theless susceptible to insulation failures [94]. Faults in SF¢ gas-insulated
equipment fall into the same categories as oil-immersed power trans-
formers: electrical, thermal, and mechanical. Figs. 9 and 10 show the
causes of various defects and the currently more often used diagnostic
techniques, respectively [10,95].
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(decomposition component analysis) fault diagnosis is proposed as a
means of evaluating the operational state of SF6 gas-insulated equip-
ment, akin to DGA fault detection in transformer oil [96]. Attribute to
the occurrence of failures, SFg can decompose into low fluorine sulfides
(SFy, x =1, 2, 3, 4, and 5), but soon combines with F atoms to revert to
SFe in the absence of impurities. However, due to the presence of mo-
lecular oxygen, water vapor, metallic materials, and solid insulation
materials, SFy further reacts with impurities to form stable by-products
(SOyF3, SOF,, SOy, HF, H,S, and other gases) [97]. The formation of
major decomposition products is shown in Fig. 11 and the major
decomposition products generated by different failure types are listed in
Table 4. Some of these decomposition products, such as SOF; and SO,F3,
are corrosive and toxic, posing serious hazards to stability of equipment
operation and safety of personnel performing operations and mainte-
nance [98]. Additionally, at low temperatures, SFs decomposition
products are incapable of recombining independently to the original SFg
molecules, which reduces SFg concentration and speeds up the degra-
dation of SFg insulation [99]. Numerous studies have shown that the
composition and formation rate of SFg decomposition products corre-
spond to the severity and type of insulation defects. The decomposition
characteristics of SFg resulting from thermal failure at temperatures
lower than 400 °C were examined by Zeng et al. [100]. They found that
H,S only appeared at temperatures above 360 °C, which can be used as a
characteristic gas for diagnosing thermal faults. When the temperature
is between 300 and 400 °C, the proportion of CO3, SOF; and SO in the
decomposition gas can reach 97 %. It was found by Ding et al. that the
concentration ratio of (SOF; + SO5)/(SO5F5) can be used to determine
the type of discharge [101]. The ratio is 0-1 under corona discharge and
1-5 under spark discharge. Additionally, it was noted that during corona
and spark discharges, the levels of the primary stable gases (SOFa,
SO,F,, and SO3) rose in proportion to the dissipation of the discharge
energy. Experiments by Tang et al. proved that concentration ratios of
CF4/C0O,, CF4/S0,, CO,/SOF,, and CO,y/ (CF4 + CO3) can be used to
effectively diagnose the severity of PD [102].

Precise measurement of SFg decomposition products is conducive to
evaluating the severity and nature of insulation faults, enabling timely
maintenance of SF¢ insulation equipment. An online detection instru-
ment for SFg¢ decomposition products needs to comply with the
following conditions: (1) only one sampling port; (2) small volume of gas
cell; (3) multi-gas detection; (4) high sensitivity detection [103]. PAS
with the above conditions has many application cases in SF¢ decompo-
sition gas detection. The characteristics of SFg decomposition gas
detection is that the SFg concentration in gas-insulated equipment usu-
ally exceeds 99.8 %, and physical properties of SFg are different from
those of N and air, so the detection of trace decomposition gases should
be carried out in pure SFg buffer gas instead of air or Ny as usual. In the

With the benefit of anti-electromagnetic interference, DCA field of literature, IR light sources were commonly used for detecting
Ceramic ferrule Light beam ki
Buffer volume Gas inlet

@

N Resonant cavity
7N e Reflector

Fiber () / 60 mm
Collimator

OrmALor Cantilever diaphragm Gas outlet

~Cantilever

Fig. 8. Schematic diagram and photo of the all-optical PA sensor [62].
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Causes of SF insulated equipment faults

Mechanical
factors

SF; gas leak

Discharge (partial, arc, spark)
Metal protrusion

Free conductive particles

Partial discharge
Vibration

Mechanical wear and tear
Misalignment of parts

Resistance loss
Overloading

Dielectric loss

Core magnetic circuit loss

Heater failure

Fig. 9. Causes of faults in SFg insulated equipment.
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Fig. 10. Fault diagnosis methods for SF¢ insulated equipment.
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Fig. 11. Diagram of SFe gas decomposition process.
Table 4
Major SF¢ decomposition products generated by different failure types.
Fault type Typical SF¢ decomposition products Ref.
Arc SOF,, SO,F,, SF4, SF,, CFy4, and SOF, [106]
Spark SOF,, SO,F», SoFa, SF4, SoF10, SoF190, SO,, SOF,, HF, [107]
CO,, and CF4
Partial SOF5, SO2F3, SOF4, SFa, SoFa, SoF10, SF4, SO, SOF4, CF4, [101]
discharge CO,, and HF
Thermal fault CO,, SO,, SOF,4, SO,F,, SOF,, and H,S [100]

decomposition gases, with the exception of SO, molecules which require
an ultraviolet (UV) light source. This is because SF¢ molecules do not
absorb light in the 250-400 nm [104] spectral region, while SO5 has a
strong line intensity in this range. Absorption spectra of SFg decompo-
sition products in the IR regions are shown in Fig. 12 (from HITRAN
database [54]), and the absorption spectrum of SO, between 170 nm
and 325 nm is shown in Fig. 13(a) [104]. SOF; gas does not currently
appear in any database, the IR spectrum derived from experimental
measurements is shown in Fig. 13(b) [105]. Similar to PAS in the
analysis of dissolved gas in insulation oil, Tables 5 and 6 summarize the
application research of PAS in the field of SF¢ decomposition gas in
recent years, based on single gas detection and multiple gas detection,
respectively.

4.2. PAS for fault diagnosis of SFs gas-insulated equipment

4.2.1. Traditional photoacoustic spectroscopy

Lin et al. reported the detection of four SF¢ decomposition products
(SO2F3, SO3, CF4, and CO3) using a cylindrical PA cell and a broadband
IR radiation source with a spectral range of 1-20 pm and detection limits
of a few ppm [108]. GC-MS was used as the reference system to assess
the performance of the PAS system. However, they did not consider the
problem of spectral interference between interfering gases and decom-
position gases [109]. Three SF¢ decomposition gases were simulta-
neously detected by Yin et al. using one UV laser and two DFB lasers. A
dual-channel PA cell is composed of two identical cylindrical resonators,
one of which is coupled to a UV laser and the other to two DFB lasers.
The reported SFg decomposition gas detection system is capable of
detecting gases at sub-ppm levels [109]. In a recent study, Wei et al.
measured the concentrations of SO2Fy, SOy, and CF4 using a widely
tunable laser (external cavity QCL) (Fig. 14) [110]. By replacing the
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Fig. 13. (a) The absorption spectra of SO, and H,S in the UV spectral region [104].

5.0x10°° —H,0 T=298.15 K, P=1 at
20X
0.0 L iLHWL
x1077 €0 “
oL _
CO
2.0x107® lh
0.0
1x102) —HS
0 il " m.
1.0x107"8f —50;
0.0 = J
it | S0
N |
3.0x1077 SIFG
0.0} !
40x10"7 CF,
0.0f !
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Measurement 227 (2024) 114259

——H T= 5K, P=
(b) 5.0x102° 20 I'=298.15 K, P=1 atm
0.0 Jihum“
4.0x102f €0 J‘
=z
E 0.0 w ki )
= 2.0x107% co
£ il
E
X B
= 1.0x10
=]
g 0.0 il |
2 4.0x107% S0,
2
5 0.0
= —
2 2.0x10%
=
.
ot
=]
2 300
0.0
2.0x10%
O.UM“'
4000 4500 5000 5500 6000

6500

Wavenumber (cm™)

Fig. 12. Absorption spectra of SF¢ decomposition gases and water vapor in the mid-IR (a) and near-IR (b).
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Table 5
Applications of PAS to single-gas detection in the SF¢ gas-insulated equipment.
Gas Light source Acoustic sensor Wavelength Detection limit Integration time Ref.
H,S DFB laser Optical microphone 1578 nm 1.75 ppm / [117]
DFB laser Optical microphone 1574.56 nm 0.15 ppm 1s [118]
DFB laser Optical microphone 1574.56 nm 197.2 ppb 1s [115]
DFB laser Capacitive microphone 1582 nm 109 ppb 1s [119]
SO, DPSSL Capacitive microphone 303.6 nm 74 ppb 1s [104]
Q-switching laser diode (LD) Capacitive microphone 266 nm 140 ppb 1s [120]
LED Optical microphone 285 nm 0.667 ppm / [121]
Cco DFB laser Optical microphone 1567.324 nm 9.88 ppm / [122]
QCL QTF 4610 nm 10 ppb 10s [112]
DFB laser Optical microphone 2.33 um 5.1 ppm / [116]
DFB laser Capacitive microphone 2330 nm 1.18 ppm 1s [123]
DFB laser Capacitive microphone 2330.2 nm 20.5 ppm / [124]
DFB laser Capacitive microphone 1166.3 nm 110 ppb 1s [125]
H>0 DFB laser QTF 1368 nm 0.49 ppm 1s [113]
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Table 6
Applications of PAS to multi-gas detection in the SF¢ gas-insulated equipment.
Light source Acoustic sensor Integration time Wavelength Gas Detection limit Ref.
IR radiation source Capacitive microphone 3s 6644 nm SO,F, 0.45 ppm [108]
7353 nm SO, 0.26 ppm
4241 nm CO, 0.1 ppm
7825 nm CF4 0.245 ppm
IR radiation source Capacitive microphone / 7370 nm SO, 8.2824 ppm [25]
4700 nm Cco 5.9116 ppm
7780 nm CF4 5.5226 ppm
IR radiation source Capacitive microphone 1s 7350 nm SO, 3.6 ppm [126]
4260 nm COy 5.7 ppm
7780 nm CF4 7.6 ppm
DPSSL Capacitive microphone 1s 303.6 nm SO, 115 ppb [109]
DFB laser 1568.1 nm Cco 435 ppb
1572.1 nm H,S 89 ppb
DFB laser Optical microphone / 1567.13 nm Cco / (N3 buffer gas) [114]
1577.86 nm H,S / (N2 buffer gas)
QCL Capacitive microphone 95 s 7795 nm SO,F, 70 ppb [110]
147 s 7794 nm CF4 1.5 ppb
107 s 7416 nm SO, 7 ppb
QCL Capacitive microphone / 6648 nm SO,F, 0.22 ppm (N, buffer gas) [111]
7460 nm SOF, 0.28 ppm (N, buffer gas)
Mass flow meter
[ | | [
R C I Mass flow meter
Gas cylinder S 5/ )
PA cell Pressure gauge
QCL AOM
( . ; "
QCL driver : Pump

Lock-in amplifier

g ﬂ Function generator
i PC '

Laser power meter

Fig. 14. PAS for detection of SF¢ decomposition by-products [110].

mechanical chopper with an acousto-optic modulator for intensity
modulation, the mechanical noise created by the chopper was elimi-
nated. A multiple linear regression (MLR) technique based on the least
squares approach was used to resolve the spectra of the three gases,
taking into account the cross-interference of the absorption spectra of
the gases in the measurement band. Ultimately, with a measurement
error of less than 4 %, detection limits of 70, 1.5, and 7 ppb for SO,F,,
CF4, and SO, were reached. Zhang et al. used two DFB-QCLs and an H-
type PA cell to realize the detection of SO3F2 and SOF5 [111]. Despite
achieving a minimum detection limit of sub-ppm, the background ab-
sorption of SFg was not considered.

10

4.2.2. Quartz enhanced photoacoustic spectroscopy

A QEPAS system for the detection of CO5 in SFg was developed by
Sun et al. [112]. They used an optimized QTF with a resonant frequency
of 8000 Hz instead of the conventional QTF because the vibration-
translational energy transfer rate of CO could not adapt to the reso-
nant frequency of conventional QTFs, which would lead to a weaker
QEPAS signal. Finally, such a system achieved real-time monitoring of
SFe decomposition by-products. Water vapor is an important factor
leading to the generation of SFg decomposition gas. Yin et al. designed a
QEPAS-based humidity sensor shown in Fig. 15 [113]. The study details
the optimization of the sensor system, including aspects like resonant
frequency, Q-factor, optimal laser beam position, and geometrical
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Fig. 15. QEPAS for detection of humidity in SF¢ buffer gas [113].

parameters of the acoustic micro-resonator. To humidify SFg gas in the
experiment, a silicone hollow fiber membrane module was used behind
a mass flow controller, enabling the adjustment of humidity levels by
controlling gas flow rates. The humidity sensor achieved a NNEA of 1.59
x 1077 Wem 'Hz'/2, making it adequately sensitive for monitoring
humidity in high-voltage gas power systems.

4.2.3. All-optical photoacoustic spectroscopy

The work of Dai et al. was devoted to developing a PAS detection
system that combines two lasers and a cantilever for simultaneous
detection of HyS and CO [114]. The modulation frequencies of the two
lasers are 20 Hz and 40 Hz, respectively. The two laser beams are
combined and introduced into the PA cell using a beam combiner. The
PA signals of the two gases can be well distinguished in the frequency
domain. Nevertheless, this experiment was only conducted using N3 as
the background, and it is anticipated that a subsequent experiment will
be conducted with SFg as the background. In the study by Chen et al, a
cantilever-based fiber optic F-P acoustic sensor (Fig. 16) was used as a
detection module for the acoustic signal of HyS in SFg [115]. SFg and Ny
were used to simulate the resonance frequency of the H-type PA cell, and
the difference in resonance frequency was about 2.5 times due to the
differences in their physical properties. As a result of the Allan deviation
analysis, when the integration time is 200 s, the minimum detection
limit of HyS in the SF¢ background reaches 14 ppb. Chen et al. used
cantilever-enhanced PAS to detect CO at 4291.5 cm ™! [116]. Michelson
interferometer is used to determine the deformation of the cantilever
caused by the sound waves. The acoustic sensor is mounted in the
middle of a non-resonant cylindrical PA resonator with an optimum

Cantilever

R

Ceramic ferrule

Fiber

Fig. 16. Schematic diagram of the cantilever-based fiber optic F-P acoustic
sensor [115].
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modulation of 40 Hz. In the present study, the PA signal was detected at
a concentration of 2000 ppm CO in the presence of four distinct back-
ground gases (SF¢, N3, helium (He), and argon (Ar)). The results indicate
variations in PA cell constants among different background gases.
Furthermore, these constants exhibit a negative correlation with ther-
mal conductivity, while showing a positive correlation with specific heat
capacity, heat capacity at constant pressure, and background gas
density.

5. Conclusion and future perspectives

In this review, we have explored the significant potential of PAS in
the fault diagnostics of high-voltage power transmission systems. PAS,
with its high selectivity, wide dynamic range, on-site and real-time
operability, and strong anti-interference ability, stands as a promising
diagnostic tool, particularly in the detection of decomposition gases in
oil-immersed power transformers and SFg insulated equipment. The
review underscores the current capabilities of PAS in accurately
detecting a range of key gases like CoHo, CHy, CoHg, COo, CoHy, and CO
with sensitivities at the ppb level, which is significantly lower than their
maximum concentrations in insulating oil. This sensitivity to gas com-
positions, especially the critical detection of CyoHy, is pivotal in identi-
fying high-energy discharge faults, which pose severe risks to equipment
functionality and safety. Furthermore, we have discussed the applica-
tions of PAS in SFe decomposition gas detection and the related chal-
lenges, including the lack of standard absorption spectrum databases
and technical standards for diagnosis.

Looking ahead, the path for PAS in this field involves several key
directions. Firstly, enhancing the sensitivity and selectivity of PAS for a
wider array of gases (mainly for SF¢ decomposition gas) is crucial. This
may involve expanding the spectral range of detection to the UV and
THz ranges and integrating PAS with other sensing technologies, like
online Hy sensors, for more comprehensive diagnostics. Another sig-
nificant future avenue is the development of compact, commercially
viable PAS systems that can be integrated into actual insulation systems
for real-time monitoring. The miniaturization and robustness of these
systems will be critical in facilitating their widespread field application.
Additionally, establishing standard methods for interpreting DGA data
and addressing the challenges of diagnosing faults based on decompo-
sition gas analysis are vital for advancing the field. Furthermore, as we
move towards more environmentally sustainable practices, analyzing
the chemical reactions and fault diagnostics in alternative gases to SFg
using PAS will be an emerging research direction. Addressing the un-
certainties in the behavior of these alternative gases under fault condi-
tions will contribute significantly to reducing the greenhouse impact of
power transmission systems.

In summary, PAS is poised to significantly impact the fault di-
agnostics of high-voltage power transmission systems. Its evolution,
marked by technological advancements and integration with other
diagnostic methods, will not only enhance the accuracy and reliability of
fault detection but also contribute to the sustainable management of
power transmission networks. The path forward involves addressing
current limitations, exploring new avenues of application, and stan-
dardizing methodologies, ensuring that PAS remains at the forefront of
innovation in this critical field.
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