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Abstract: The type and concentration of dissolved gases in transformer insulating oil are used to as-
sess transformer conditions. In this paper, an online detection setup for measuring the concentration
of multicomponent gases dissolved in transformer insulating oil is developed, which consists of an
oil-gas separation system and an optical system for acquiring the transformer status in real time. The
oil-gas separation system uses low pressure, constant temperature, and low-frequency stirring as
working conditions for degassing large-volume oil samples based on modified headspace degassing.
The optical system uses tunable diode laser absorption spectroscopy (TDLAS) to determine the gas
concentration. Six target gases (methane, ethylene, ethane, acetylene, carbon monoxide, and carbon
dioxide) were detected by three near-infrared lasers (1569, 1684, and 1532 nm). The stability of the op-
tical system was improved by the common optical path formed by time-division multiplexing (TDM)
technology. The calibration experiments show that the second harmonics and the concentrations of
the six gases are linear. A comparison experiment with gas chromatography (GC) demonstrates that
the error of acetylene reaches the nL/L level, while the other gases reach the µL/L level. The data
conforms to the power industry testing standards, and the state of the transformer is analyzed by
the detected six characteristic gases. The setup provides an effective basis for the online detection of
dissolved gas in transformer insulating oil.

Keywords: near-infrared; multicomponent gas detection; TDLAS; oil-gas separation; transformer

1. Introduction

Transformers are the central electrical component of power grids, providing a reliable
power supply, and their stable operation is of great importance to grid safety [1,2]. Trans-
former insulating oil is composed of paraffin with 20 or more carbon molecules, which play
the roles of cooling, insulating, and arc extinguishing during transformer operation. When
alkanes are subjected to the energy levels generated by the transformer, their chemical
bonds are broken, resulting in the formation of corresponding gases (methane, ethane,
ethylene, acetylene, carbon monoxide, and carbon dioxide) [3]. The gases are fully dis-
solved in the insulating oil in a confined space. Therefore, the status of the transformer
can be assessed by the type and content of the dissolved gases [4]. The development of
transformer maintenance plans based on dissolved gas analysis (DGA) in transformer
insulating oil is currently one of the main methods in the power industry for improving
the reliability of the grid power supply [5]. As a result, maintenance decisions in the grid
can be optimized by obtaining more timely information on transformer operation through
the online detection of dissolved gases in transformer oil.

The gases that reflect information regarding the transformer’s condition are those
dissolved in the insulating oil. Consequently, online detection of dissolved gases differs
from conventional online gas detection. Both oil-gas separation and gas detection need
to be considered. Oil-gas separation methods are divided into two main types: Vacuum
degassing and dissolved equilibrium. Vacuum degassing requires the use of equipment
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with a high vacuum level. Therefore, the dissolved equilibrium method is the most com-
monly used separation method [6]. Membrane separation is the main method used in
online oil-gas separation equipment. It has a simple structure but requires a long degassing
time [7]. This degassing method does not provide information regarding the transformer in
real time. The headspace degassing process, a type of dissolved equilibrium method, has
the advantages of fast degassing and high repeatability. This method is meant to be used
by an online testing device. Volatile organic compounds (VOCs) detection conventional
methods include catalytic combustion [8], semiconductor gas sensor [9], thermal conduc-
tivity detection [10], electrochemical detection [11], and gas chromatography [12]. These
methods have certain limitations, especially in multicomponent gas detection. With the
development of VOCs detection technology, some scholars use various types of sensors for
multi-component gas detection [13] in many fields, such as purified essential oil detection
in commercial plant products [14], alcoholic beverages and perfume quality control [15],
bakery food product classification [16], and coffee processing [17]. However, in the field
of DGA real-time detection, it is necessary to use the high anti-interference, fast response
time and high-performance detection method that does not consume the test samples [18].
Therefore, optical detection technology can effectively satisfy the above requirements.

Hussain, K., Mt, S. et al. [19,20] used UV-visible and FTIR spectroscopy to measure
dissolved gases in oil. Zou, J. et al. [21] used Raman spectroscopy to evaluate the aging
state of transformer insulation oil. Norazhar, Abu. et al. [22] used Fourier spectroscopy
to analyze oil samples and a fuzzy algorithm to estimate the concentration of dissolved
gas. However, these spectroscopic devices are complicated and unsuitable for field applica-
tions. As a result, the photoacoustic spectroscopy (PAS) technique has been used for the
online detection of dissolved gases in transformer oil [3,23]. The detection sensitivity of
the photoacoustic phenomenon is heavily influenced by background noise, which cannot
be eliminated in field applications. To reduce the effect of field noise on optical detection
sensitivity, absorption spectroscopy techniques are used. TDLAS is an absorption spec-
troscopy technique that is the most direct and efficient way of detecting molecules. It has
achieved remarkable results in atmospheric environmental monitoring and combustion
detection [24,25]. TDLAS is also more resistant to interference than photoacoustic spec-
troscopy. In the field of DGA, Ma, G. M. et al. [26] used TDLAS to measure acetylene at the
µL/L level in the laboratory. Jiang J et al. [27] measured methane in a field environment,
with a detection error of 4 µL/L. X Tian et al. [28] developed a CH4/C2H6 sensor with a
detection range of 100 µL/L. In addition, Jun et al. [29] used a four-laser device to detect
four kinds of hydrocarbon gases, due to the fact that a small amount of the gas species
reflects limited information regarding the transformer status. However, carbon monoxide
and carbon dioxide are characteristic gases that contain transformer condition information
that cannot be ignored.

In summary, this paper investigates and presents an online detection setup for dis-
solved gases in transformer insulating oil based on headspace degassing and tunable
laser absorption spectroscopy. The oil-gas separation system degases large volumes of
insulating oil samples at low pressure, constant temperature, and low frequency agitation.
The gas detection system uses a near-infrared wavelength for detection. The characteristic
wavelengths of the gases are selected appropriately to reduce cross interference. Therefore,
six target gases can be accurately detected by three lasers. Detection sensitivity is improved
by the wavelength modulation technique and a long optical path structure (optical path
length = 12 m). The complexity of the optical path is reduced by the common optical
path formed by the time division multiplexing (TDM) technology. After the setup was
completed, the performance was verified experimentally, and detection results are used to
analyze the transformer status.
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2. Principles of Detection
2.1. Oil-Gas Separation Theory

According to the principle of dissolution equilibrium, when the insulating oil is in a
confined container, the dissolved gas molecules gradually diffuse from the oil due to the
molecular thermal motion. Therefore, a state of gas-liquid dynamic equilibrium is achieved
inside the container. The dissolution equilibrium model is shown in Figure 1.
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As described by Fick’s law, the rate of gas molecule diffusion is proportional to the
density difference on both sides of the oil surface. The gas molecule diffusion rate equation is:

dngi

dt
=

(
Ctoi − KiCtgi

)
Di (1)

where ngi is the amount of the i-th gas in the container; Ctoi and Ctgi are the concentrations
of the i-th gas in the liquid and gas phases, respectively (at time t); Ki is the Oswald
coefficient of the i-th gas; and Di is the molecular diffusion factor. For a constant volume of
the oil sample, the total amount of the substance is conserved, and the concentration of gas
in the container can be described as:

UoiVo = CtoiVo + CtgiVg (2)

where Vo represents the volume of the oil sample; Vg indicates the volume of the gas
chamber in the container; and Uoi denotes the concentration of the gas in the oil at the time
of sampling. According to Equations (1) and (2), the relationship between the time and the
amount of substance of gas can be formulated as follows:

ngi =
Uoi(

1
Vo

+ Ki
Vg

) ·{1− exp
[
−t·

(
1

Vo
+

Ki
Vg

)
·Di

]}
(3)
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At dynamic equilibrium, the gas phase concentration of the i-th gas can be expressed as:

Cgi = Uoi/
(

Ki +
Vg

Vo

)
(4)

The equilibrium time τ in Figure 2, which can be calculated with Equation (5), is the
time required for Ctgi =

(
1− e−2.5)Cgi.

τ =
2.5(

1
Vo

+ Ki
Vg

)
Di

(5)
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Figure 2. Schematic diagram of degassing time.

2.2. TDLAS Detection Theory

Different molecules need to absorb different wavelengths of light to achieve vibration.
Therefore, every gas has its own characteristic spectrum. The TDLAS technique uses both
the narrow line width and the tunable features of the laser to scan a single characteristic
absorption line of the target gas, as shown in Figure 3.
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The intensity of the laser light passing through the target gas can be expressed by the
Beer-Lambert law:

It(v) = Io(v)exp[−α(v)CL] (6)

where Io(v) is the incident light intensity; It(v) is the transmitted light intensity; α(v) is the
absorption coefficient at frequency v per unit concentration and per unit length; C is the
volume fraction of the gas; and L is the length of the optical path.

Wavelength modulation and harmonic detection techniques are used to improve
detection sensitivity. A high-frequency sinusoidal modulation signal is superimposed on
the laser scanning signal. The instantaneous frequency of the laser can be expressed as:

v(t) = v + a cos(2π f t) (7)

where a represents the modulation amplitude and v is the laser center frequency. The
incident light intensity was assumed to remain essentially constant with sufficiently minor
modulations. Therefore, the modulated input intensity Io[v(t)] is equivalent to the intensity
at the center frequency of the absorption spectrum Io(vo). As a result, the high-frequency
modulated transmitted light intensity can be calculated as follows:

It[v(t)] = Io[(v(t)]exp{−α[v + a cos(2π f t)]CL}
= Io(vo)

∞
∑

n=0
Hn(v) cos(2πn f t) (8)

where Hn(v) is the Fourier coefficient with a modulated absorption factor; and Hn(v) can
be demodulated by a lock-in amplifier. Reid et al. determined that the magnitude of the
second harmonic amplitude is related to the gas concentration. As a result, the second
harmonic amplitude was used to calculate the gas concentration. Figure 4a depicts the
signal received by the photoelectric detector in the absence of gas absorption. With the
onset of gas absorption, the sunken shape of the signal appeared, as shown in Figure 4b. In
Figure 4c, the second harmonic signal was obtained by demodulating the concave region.
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Figure 4. Process of TDLAS gas detection: (a) Original signal; (b) absorption signal; (c) second harmonic.

The presence of baseline drift and residual amplitude modulation caused the second
harmonic to appear asymmetrical, which occurred during the detection and modulation
processes. Consequently, to suppress this phenomenon, the second harmonic amplitude
was defined as the sum of the absolute values of the maximum and minimum of the second
harmonic. The definition of the second harmonic amplitude is shown in Figure 5.
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3. Experimental Setup Design

The experimental setup consists of an oil-gas separation system and a gas detection
system. A schematic diagram of the setup is shown in Figure 6.
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3.1. Oil-Gas Separation System

The degassing rate is dependent on the diffusion coefficient Di, the volume of the oil
sample Vo, and the volume of the gas chamber Vg. Vo and Vg are determined by the volume
of the customized optical path cell (400 mL). Di is a function of temperature, pressure,
stirring frequency, and the oil sample cross-section. The temperature, pressure, and stirring
rate are used as improvement conditions in the oil-gas separation system. As a result,
a constant-temperature and low-pressure dynamic headspace degassing chamber was
constructed. The structure of the degassing chamber is shown in Figure 7.
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The low-pressure and constant-temperature environment in the degassing chamber
was created as follows: First, the pressure in the chamber was reduced to a stable 28 kPa.
Second, the insulating oil was pumped into the chamber. Finally, the oil sample was evenly
heated via thermal resistance and low-frequency stirring. The main parameters of the
degassing chamber are shown in Table 1.

Table 1. Main parameters of the degassing chamber.

Main Parameters Specifications

Chamber volume 1300 mL
Operating temperature 50 ◦C

Operating pressure 28 kPa
Stirring speed 72 r/min

Oil sample volume 650 mL

3.2. Multicomponent Gas Detection System

The TDLAS gas detection system with wavelength modulation, as shown in Figure 8,
consists of a laser, an optical path cell, a photodetector, and a lock-in amplifier. Increasing
the number of lasers is a common strategy for this system to detect multiple types of
gas. However, industrial applications need to consider environmental factors, such as
integration, stability, and vibration.

During system integration, the waveband and the number of lasers for detecting
gas must be considered. Gas absorption lines in the mid-infrared region are intense, but
the distance between the spectral lines is relatively large. In addition, the temperature
requirement of a mid-infrared laser complicates the system. Therefore, the mid-infrared
band is not conducive for system integration. In this paper, near-infrared spectra with
relatively close spectral line spacings were selected to reduce the number of lasers. The
detection sensitivity was improved by wavelength modulation and a long optical path
cell (the customized optical path is 12 m). The absorption intensities of carbon monoxide,
carbon dioxide, methane, and acetylene in the 5800–6600 cm−1 spectral range are shown in
Figure 9. The VPL spectral database [30] was used as a reference to select the near-infrared
absorption spectra of ethylene and ethane.
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The 1532.83 nm wavelength was chosen as the central wavelength for the C2H2 ab-
sorption spectra. The central wavelengths for CO and CO2 were 1597.57 and 1579.74 nm,
respectively. The wavelengths 1684.04, 1683.10, and 1683.35 nm were selected sequentially for
CH4, C2H6, and C2H4. The central wavelengths of the laser output are shown in Table 2.

An optical coupler was used in the optical path. Using time-division multiplexing
(TDM), different wavelengths of lasers enter the gas cell sequentially to form a common
optical path. In this way, the complexity of the optical path is reduced, enhancing the
structural strength of the system. The structure of the gas detection system is shown in
Figure 10. The high-frequency modulated signal (20 kHz) and the laser scanning signal
(10 Hz) were coloaded on DFB lasers, and the second harmonics of the characteristic gases
were obtained by the lock-in amplifier.
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Table 2. The center wavelength of laser devices output.

DFB LASER
Devices

Operating
Temperature (◦C)

Output Center
Wavelength (nm) Type of Detected Gas

1579 nm laser
29.6 1579.74 CO
27.9 1579.57 CO2

1684 nm laser
17 1684.04 CH4
9.4 1683.1 C2H6
12.9 1683.35 C2H4

1532 nm laser 21.3 1532.83 C2H2
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4. Experiment and Discussion
4.1. Gas Detection Experiment
4.1.1. Calibration Experiment

The amplitude of the second harmonic reflects only the relative change in gas concen-
tration, not the exact value. Therefore, it is necessary to establish a relationship between
a certain concentration and the corresponding amplitude of the second harmonic. A gas
dividing instrument was used to mix different concentrations of gases in the gas cell. The
second harmonic signals of various gas concentrations are shown in Figure 11. Figure 12
shows the linear relationship between the amplitudes of the second harmonics and the
corresponding concentrations.

The amplitudes of the second harmonic of the gases at different concentrations are
different in Figure 11. Therefore, the gas concentration can be described by the magnitude
of the second harmonic. The second harmonic signals are used for linear fitting. Figure 12
shows the linear relationship between the amplitudes of the second harmonics and the
corresponding concentrations.

The second harmonic has a good linear relation with the concentration in Figure 12.
Therefore, detection sensitivity can be expressed by the slope of the fitting curve. This is
consistent with the situation in the literature research [26,27,29]. The detection sensitivities
of methane, ethylene, ethane, carbon monoxide, carbon dioxide, and acetylene are 5.1, 6.4,
4.6, 3.4, 1.6, and 12.8 mV/µL·L−1, respectively.
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Figure 11. Second harmonics of different concentrations of six target gases: (a) CH4; (b) C2H4; (c) C2H6; (d) C2H2; (e) CO;
(f) CO2.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 17 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 11. Second harmonics of different concentrations of six target gases: (a) CH4; (b) C2H4; (c) C2H6; (d) C2H2; (e) CO; 
(f) CO2. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 12. The fitting curves of the second harmonic amplitudes of six target gases and the corresponding concentrations: 
(a) CH4; (b) C2H4; (c) C2H6; (d) C2H2; (e) CO; (f) CO2. 

The amplitudes of the second harmonic of the gases at different concentrations are 
different in Figure 11. Therefore, the gas concentration can be described by the magnitude 
of the second harmonic. The second harmonic signals are used for linear fitting. Figure 12 
shows the linear relationship between the amplitudes of the second harmonics and the 
corresponding concentrations. 

0 500 1000 1500 2000 2500
−2

−1

0

1

2

3

4

V
ol

ta
ge

(V
)

Sampling points

 CH4_50uL/L
 CH4_100uL/L
 CH4_300uL/L
 CH4_500uL/L
 CH4_800uL/L

CH4

0 500 1000 1500 2000 2500
−3

−2

−1

0

1

2

3

4

5

V
ol

ta
ge

(V
)

Sampling points

 C2H4_50uL/L
 C2H4_100uL/L
 C2H4_300uL/L
 C2H4_500uL/L
 C2H4_800uL/L

C2H4

0 500 1000 1500 2000 2500
−2

−1

0

1

2

3

4

V
ol

ta
ge

(V
)

Sampling points

 C2H6_50uL/L
 C2H6_100uL/L
 C2H6_300uL/L
 C2H6_500uL/L
 C2H6_800uL/L

C2H6

0 500 1000 1500 2000 2500
−6

−4

−2

0

2

4

6

8

V
ol

ta
ge

(V
)

Sampling points

 C2H2_50uL/L
 C2H2_100uL/L
 C2H2_300uL/L
 C2H2_500uL/L
 C2H2_800uL/L

C2H2

0 500 1000 1500 2000 2500
−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

V
ol

ta
ge

(V
)

Sampling points

 CO_50uL/L
 CO_100uL/L
 CO_300uL/L
 CO_500uL/L
 CO_800uL/L

CO

0 500 1000 1500 2000 2500
−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

V
ol

ta
ge

(V
)

Sampling points

 CO2_50uL/L
 CO2_100uL/L
 CO2_300uL/L
 CO2_500uL/L
 CO2_800uL/L

CO2

0 100 200 300 400 500 600 700 800 900
0

1

2

3

4

5

Y=0.0051X+0.3301

 CH4 Concentration
 Fitting curve

V
ol

ta
ge

(V
)

Concentration(uL/L)

R2=0.996

0 100 200 300 400 500 600 700 800 900
1.5

3.0

4.5

6.0

7.5

Y=0.0065X+1.5274

 C2H4 Concentration
 Fitting curve

V
ol

ta
ge

(V
)

Concentration(uL/L)

R2=0.994

0 100 200 300 400 500 600 700 800 900
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Y=0.0046X+0.4524

 C2H6 Concentration
 Fitting curve

V
ol

ta
ge

(V
)

concentration(uL/L)

R2=0.993

0 100 200 300 400 500 600 700 800 900
2

4

6

8

10

12

14

Y=0.0128X+1.6976

 C2H2 Concentration
 Fitting curve

V
ol

ta
ge

(V
)

concentration(uL/L)

R2=0.997

0 100 200 300 400 500 600 700 800 900
0.0

0.7

1.4

2.1

2.8

Y=0.0034X+0.0202

 CO Concentration
 Fitting curve

V
ol

ta
ge

(V
)

concentration(uL/L)

R2=0.993

0 100 200 300 400 500 600 700 800 900
0.0

0.4

0.8

1.2

1.6

Y=0.0016X+0.0974

 CO2 concentration
 Fitting curve

V
ol

ta
ge

(V
)

concentration(uL/L)

R2=0.991

Figure 12. The fitting curves of the second harmonic amplitudes of six target gases and the corresponding concentrations:
(a) CH4; (b) C2H4; (c) C2H6; (d) C2H2; (e) CO; (f) CO2.

4.1.2. Comparison Experiment

In this paper, the dedicated power system gas chromatography (Model: ZTGC-TD-
2014D) was used as a reference device for assessing the performance of the gas detection
system. The TDLAS and the GC systems detected the same sample. Optical detection does
not consume the test samples. Therefore, averaging multiple measurement data points
can be used to minimize the impact of system random noise on the absorption signal. The
TDLAS system collects 14 periodic signal data points at a time and averages the second
harmonic signals from all periods to produce a single measurement value. To reduce



Appl. Sci. 2021, 11, 12149 11 of 17

random errors, the average value of 30 measurements was used as the evaluation standard.
The measurement results of the TDLAS system are shown in Figure 13.
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Figure 13. Measured results of the TDLAS system: (a) CH4; (b) C2H4; (c) C2H6; (d) C2H2; (e) CO; (f) CO2.

According to Figure 13, the standard deviations of methane, ethylene, and ethane
are 2.0, 2.5, and 2.3 µL/L, respectively. The standard deviations of carbon monoxide and
carbon dioxide are 2.4 and 2.8 µL/L, respectively. The standard deviation of acetylene
is 0.5 µL/L. The average detection values of the TDLAS system and the data from the
reference device are shown in Table 3.

Table 3. Data of the TDLAS system and the reference device.

TESTS CO(µL/L) CO2
(µL/L)

CH4
(µL/L)

C2H6
(µL/L)

C2H4
(µL/L)

C2H2
(µL/L)

Average data of TDLAS 9.21 765.26 8.46 13.28 52.48 1.09
Reference data of GC 7.54 778.73 8.41 11.32 49.32 1.00

Error value 1.67 13.47 0.05 1.96 3.16 0.09

Table 3 shows the relative errors of the reference device, which are 1.67 µL/L for
CO, 13.47 µL/L for CO2, 0.05 µL/L for CH4, 1.96 µL/L for C2H6, 3.16 µL/L for C2H4,
and 0.09 µL/L for C2H2. Therefore, the detection error of the TDLAS system meets the
requirements of the power industry and it can be applied to the detection of dissolved
gases in transformer insulating oil.

4.2. Dissolved Gas Detection Experiment

The setup described in this paper, as shown in Figure 14, was assessed in a laboratory
environment (temperature 25 ◦C, pressure 101 kPa).

To detect dissolved gases in insulating oil, it is necessary to determine the time required
for an oil-gas mixture (650 mL) to achieve dynamic equilibrium in an oil-gas separation
system. The system operates at a temperature of 50 ± 1.3 ◦C, a pressure of 28 ± 2.7 kPa,
and a stirring speed of 72 ± 2 r/min.

As shown in Figure 15, the degassing of the hydrocarbons takes 35 min. Carbon
monoxide requires approximately 55 min to reach dynamic equilibrium.
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Figure 15. Dynamic equilibrium time: (a) CH4; (b) C2H4; (c) C2H6; (d)C2H2; (e) CO; (f) CO2.

The degassing situation conforms to the trend of the gas separation time [6,31], and
the oil-gas separation system is able to separate the gas dissolved in oil. After determining
the degassing time, three standard oil samples were used for testing. The comparison
results are shown in Table 4.

In detection of standard oil samples, the relative error of hydrocarbons at NO.1 oil
and NO.2 oil is less than 2.4 µL/L, carbon monoxide is less than 3.4 µL/L, and carbon
dioxide is less than 10.8%. In addition, the error of carbon monoxide and carbon dioxide
in NO.3 oil is less than 4% and 13.4%, respectively, and the error of hydrocarbons does
not exceed 3%. The test errors conform to the standards (GB/T7252-2001, DL/T722-2014)
provided by the Power Industry Equipment Quality Inspection and Testing Center of the
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People’s Republic of China. The setup can be applied to online detection of dissolved gas
in transformer insulating oil.

Table 4. Comparison result of experimental setup measurement data and standard oil sample.

Oil Sample Number Type of Gas Measurement Result (µL/L) Standard Value (µL/L) Error Value (µL/L or %)

1

CO 12.1 15.5 3.4
CO2 735.6 711.5 3.4%
CH4 11.9 12.7 0.8
C2H4 37.8 36.2 1.6
C2H6 88.7 91.1 2.4
C2H2 9.6 10.8 1.2

2

CO 236.7 234.2 2.5
CO2 1127.3 1263.1 10.8%
CH4 67.9 70.2 2.3
C2H4 93.2 91.4 1.8
C2H6 159.7 161.2 1.5
C2H2 53.1 54.5 1.4

3

CO 3906.1 3755.6 4.0%
CO2 11,920.3 10,510.3 13.4%
CH4 841.9 851.2 1.1%
C2H4 793.7 780.2 1.7%
C2H6 803.2 823.7 2.6%
C2H2 821.8 811.4 1.3%

4.3. Dissolved Gas Analysis

In order to determine the operating status of the transformer, dissolved gases in the
detected oil samples are analyzed. The total hydrocarbons (THC) and CO2/CO value of
the oil samples are shown in Table 5.

Table 5. The value of THC and CO2/CO.

Oil 1 Oil 2 Oil 3

Measurement Standard Measurement Standard Measurement Standard

CH4 (µL/L) 11.9 12.7 67.9 70.2 841.9 851.2
C2H4 (µL/L) 37.8 36.2 93.2 91.4 793.7 780.2
C2H6 (µL/L) 88.7 91.1 159.7 161.2 803.2 823.7
C2H2 (µL/L) 9.6 10.8 53.1 54.5 821.8 811.4
THC (µL/L) 148 150.8 373.9 377.3 3260.6 3266.5
CO (µL/L) 12.1 15.5 236.7 234.2 3906.1 3755.6
CO2 (µL/L) 735.6 711.5 1127.3 1263.1 11,920.3 10,510.3

CO2/CO 60.8 45.9 4.8 5.4 3.1 2.8

According to the guidelines of the electric power industry (IEEE Std C57.104-2019
and IEC60599), the acetylene concentration is used as the criterion. The attention value is
5 µL/L. When it reaches 35 µL/L, it indicates that the transformer will malfunction if it
continues to operate. Some scholars [6,26,32] have measured acetylene and provided early
warning to the transformer. However, acetylene can only be used as a caution indicator
for judging the state of the transformer. When the concentration of acetylene is between
the caution value and the serious warning value, it is impossible to further analyze the
state of the transformer (such as the fact that the concentration of acetylene in No.1 oil
sample is about 10 µL/L). At this time, only the measurement of acetylene does not meet
the requirements. Therefore, it is necessary to measure other characteristic gases to analyze
the further state of the transformer.
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The type of transformer fault is judged by the Duval triangle [33]. It needs ethylene
and methane dissolved in the oil samples to assist. The analysis results of the Duval triangle
are shown in Figure 16.
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According to the definition of Duval triangle, the formula for the proportion of C2H2,
C2H4, and CH4 is as follows:

%C2H2 =
100X

X + Y + Z
; %C2H4 =

100Y
X + Y + Z

; %CH4 =
100Z

X + Y + Z
(9)

X; Y; Z are the concentrations of acetylene, ethylene, and methane in transformer
insulating oil.

The measured value and standard value of No.1 oil sample are both in the D+T area,
and the transformer status is the electrical and thermal mixed fault. The results of No.2
and No.3 oil samples are in the D2 area, and arc discharges have occurred in transformers.
Although the Duval triangle can classify the types of faults, it cannot determine whether the
transformer fault involves the deterioration of the insulation material [34]. The insulation
deterioration in the transformer will aggravate the electrical and thermal fault of the trans-
former and reduce the life of the transformer. Therefore, the ratio of CO2 and CO is used to
assist in judging the insulation aging of the transformer [35,36]. When CO2/CO > 20 (such
as No.1 oil sample), the solid insulation material will degrade at low temperature (<140 ◦C).
When CO2/CO > 7, the solid insulation material deteriorates. When CO2/CO is more
than 3 and less than 7 (such as No.2 oil sample), the insulation material is normally aging.
When CO2/CO is less than 3 and a large amount of total hydrocarbons are generated (such
as No.3 oil sample), the solid insulating material deteriorates. In this paper, through the
measurement and analysis of the six kinds of dissolved gas in oil, the transformer state
obtained is shown in Table 6.

In summary, a small amount of gas is not comprehensive enough to obtain transformer
status information, and the transformer status needs to be judged from multiple aspects.
The transformer status information obtained by multicomponent gas online detection is
more detailed than the small amount of gas. Consequently, the setup described in this
paper is able to reveal the operating conditions of the transformer, relatively.
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Table 6. Transformer status result.

Oil Sample Transformer Status

1
Warning;

Mix of thermal and electrical fault;
Low temperature degradation of solid insulating materials

2
Malfunction;

Arc discharge;
Normal aging of solid insulating materials

3
Malfunction;

Arc discharge;
Deterioration of solid insulating materials

5. Conclusions

In this paper, an online detection system for dissolved gases in transformer insulating
oil based on modified headspace degassing and tunable laser absorption spectroscopy, was
proposed. The oil-gas separation system degassed large-volume oil samples using low
pressure, constant temperature, and low-frequency stirring as working conditions. An
oil-gas separation experiment showed that the equipment can degas a 650 mL oil sample
in 1 h. The optical coupler and time-division multiplexing (TDM) technology were used to
form a common optical path to improve the structural strength of the optical system. By
analyzing the absorption spectra, the near-infrared center wavelengths of six target gases
(carbon dioxide 1579.57 nm, carbon monoxide 1579.74 nm, methane 1684.04 nm, ethylene
1683.35 nm, ethane 1683.1 nm, acetylene 1532.83 nm) are determined. Three lasers (1569,
1684, 1532 nm) are used to detect those six gases, respectively. Laser (1684 nm) is adopted
to detect three gases (methane, ethylene, ethane), laser (1579 nm) for two gases (carbon
dioxide, carbon monoxide), and laser (1532 nm) for acetylene. The detection sensitivity
of the target gases achieved by the gas detection experiment were 5.1 mV/µL·L−1 for
methane, 6.4 mV/µL·L−1 for ethylene, 4.6 mV/µL·L−1 for ethane, 3.4 mV/µL·L−1 for
carbon monoxide, 1.6 mV/µL·L−1 for carbon dioxide, and 12.8 mV/µL·L−1 for acetylene.
The experimental results of the detection of dissolved gases in insulating oil demonstrate
that the setup described in this paper conforms to the standards required by the electric
power industry. In addition, the six kinds of gases detected can analyze additional trans-
former status information. Therefore, the system developed in this paper is a relatively
accurate online detection setup for determining the transformer status.
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