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ABSTRACT The analysis of dissolved gases in insulation oil is of great significance to transformer
status evaluation. In this paper, a chromatographic detector based on the nano-tin oxide fiber as well
as a chromatography system is developed. The mechanism of the sensor for detecting six component
feature gases (i.e., H2, CO, CH4, C2H4, C2H6, and C2H2) in transformer oil is expounded, on basis of
which the exponent-logarithmic model between conductance and gas concentrations is proposed. Then,
the repeatability and accuracy of the nano-tin oxide detectors are tested. The experimental results show
that the gases mixture can be separated well by the designed gas chromatography system, and six component
gases mixture detection can be realized by the developed detector. Meanwhile, by using the proposed model,
high precision of dissolved gas measurement can be achieved, thus the validity of the presented model is
verified. Moreover, compared with other chromatographic detectors, i.e., flame ionization detector, the only
carrier gas needed for the nano-tin oxide chromatographic detector is the synthetic air, the hardware cost and
complexity of system are reduced largely, showing promising applicable value in the engineering practice.

INDEX TERMS Power transformer, chromatography, dissolved gas analysis, nano-tin oxide detector.

I. INTRODUCTION
In the past decades, with the construction of intelligent power
grid [1], as well as the digitalization and informatization
of substations [2], [3], the periodical maintenance of power
transformer will be replaced by the condition based mainte-
nance gradually [4], [5]. To achieve this, it is the basis that
the data of the power transformer status is collected [6], [7].
Dissolved gas analysis (DGA) of transformer oil is one of
the most important methods to detect the latent fault of
oil-immersed power transformers [8]. It is worth mentioned
that the accuracy and stability of the measuring instrument
are affected by gas sensors greatly [9]–[12].

Nowadays, the on-line monitoring devices of DGA based
on various gas sensors [13]–[17] have been widely used in
the field of transformer status evaluation. Researchers around
the world have made a lot of progresses in the development of
gas sensors for on-line DGAmonitoring. However, there also
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exist many defects, such as the SOFC detector [17], [18] has
high sensitivity but limited detection range, thermal conduc-
tivity sensor [19] are responsive to all gases, but the sensitivity
is low, and high-cost helium is needed to be carrier gas. Flame
ionization detector (FID) [20], has both high sensitivity and
relative wide detection range, but three types of carrier gases
are needed, including hydrogen which is not allowed to be
used in substation. Moreover, too many carrier gases lead
to complex pipeline system. The photoacoustic spectroscopy
sensor (PSS) [6], [9] does not need any carrier gas, nor does
the separation of mixed gas, but the sensitivity is low, and the
interference of electromagnetic noises is heavy. Meanwhile,
the cost of PSS is high.

In order to monitor the status of the oil-immersed power
transformers more efficiently and economically, the defects
of these gas sensors, i.e., the measuring accuracy, cross sensi-
tivity, long-term stability, and high cost of gas sensors should
be improved. Hence, new types of gas sensors are needed
to be designed. Recently, with the development of non-
material technology [21], sensors developed by nanometer
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semiconductor materials have been applied to the gas detec-
tion field, such as Zhou [22], [23] et al. studied CO gas sen-
sors based on SnO2 nanomaterials with different dopant, and
high sensitivity CO gas sensor was developed; Lin [24] et al.
investigated the H2 sensing properties of Pt-loaded SnO2 hol-
low microspheres, and hydrogen sensor at room temperature
is obtained with fast response properties. However, only one
key characteristic gas is studied in these studies.

Actually, the semiconductor gas sensor is sensitive to most
of the fault gases dissolved in transformer oil. This phe-
nomenon is called cross-sensitivity. In practical application
of DGA, the gases are mixtures. Hence, the selectivity and
quantitative accuracy problem of semiconductor gas sensor
is still to be solved for the detection of mixed gas. To address
this problem, Fan [15], [25] et al. applied the SnO2 sen-
sor as a chromatographic detector which is used for DGA,
promising experimental results are obtained. The above stud-
ies mainly concentrate on low concentration gases detection,
i.e., H2 < 100ppm. For practical engineering application,
there may be higher concentrations, e.g., hydrocarbons may
rise up to 1000ppm (0.1%) due to partial discharge faults.

To promote the performance of SnO2 detector further,
in this work, the detection characteristics of nanometer tin
oxide sensor are studied; then, a quantitative mathematical
model on basis of exponent-logarithmicmodel is constructed.
Further, the preparation process, test steps of the developed
nanometer tin oxide sensor is introduced. To promote the
detection limit of SnO2 detector, the chromatographic signal
noise reduction algorithms based on different wavelet are
studied. The experiment results show that the gas chromatog-
raphy detection technology of nanometer tin oxide can realize
detection of the fault characteristic gases, i.e., H2, CH4, CO,
C2H4, C2H6, and C2H2 without cross-sensitivity. Based on
the mathematical model as well as the noise reduction algo-
rithm constructed in this paper, wide measurement range as
well as high precision can be achieved simultaneously. Mean-
while, only air is needed to be carrier gas, the overall cost
of the system is reduced, which has important popularization
value.

II. DETECTOR FABRICATION AND
QUANTIFICATION MODEL
Given that the SnO2 gas sensors is used as an chromato-
graphic detector in this paper, namely, H2, CO, CH4, C2H4,
C2H6, C2H2 are separated though chromatographic column
and detected simultaneously. Hence, considering the sen-
sitivity equilibrium for all gases, none specific dopant is
added and pure SnO2 is adopted. In this work, the tin
oxide nano-materials are prepared by electrospinning [26].
To verify the nanostructures of the samples, XRD, TEM and
HRTEM are performed; the corresponding images are shown
in Figs.1 (a)-(c). The diffraction peaks match well with the
standard data of rutile structured SnO2 crystal (JCPDS file
no.41-1445). It is notably that the diameter of SnO2 fiber is
about 100∼200nm and the lattice distance on (110) surface is
0.334nm. The nanometer tin oxide materials are fully grinded

FIGURE 1. SnO2 fiber characterization images and schematic diagram of
Nano-SnO2 sensor.

in the agate mortar, adding the appropriate anhydrous ethanol
and deionized water to make the slurry, brushing on the
alumina ceramic tube with electrode leads which are welded
on the surface of the tube.

The package with the sensor is installed in a gas chromato-
graphic instrument developed in this paper. The schematic
diagram of Nano-SnO2 sensor is shown in Fig.1. When act-
ing as a chromatographic detector, the characteristic gases
extracted from transformer oil is brought into chromato-
graphic column (CC) by carrier gas (99.999% synthetic air),
and the temperature of CC as well as the sensor package
are set to 60◦C. Due to the difference of the distribution
coefficients between the gas and the CC [28], the charac-
teristic gases are separated in sequence. The separated six
gases flow into the sensor package as shown in Fig.2, and
then flow out after a sensitive reaction occurs on the surface
of the detector. When the combustible gases react with the
oxygen adsorbed on the surface of the sensor, the electrons are
released into the depletion layer of the sensingmaterial, hence
leading to augment of the conductivity [16], and the output
voltage becomes larger. Hence, the output voltage signal is
proportional to the conductance of the nanometer tin oxide
detector.

According to the theoretical analysis, the detector is mostly
used to detect reductive gases; it is not sensitive to other
gases such as nitrogen, carbon oxide, et al. For the anal-
ysis of dissolved gas in oil, gas detection is performed
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FIGURE 2. Simulated chromatogram without noise.

after separation, which avoids the cross sensitivity of tra-
ditional detection method. In terms of quantitative model,
the mathematical model proposed in [15] is mainly applied
for hydrogen< 100ppm, as well as hydrocarbons< 300ppm.
However, hydrogen may rise up to 0.1% due to partial
discharge faults. Hence, the measurement range should be
further improved. Considering that the inverse equation of
Eq.(15) in Ref. [15] contains the Lambert W function [27],
which is complicated in practical application. Meanwhile,
the fault feature gases are limited within a certain concentra-
tion interval (<1000ppm usually), hence the relation between
conductance and gas concentration can be approximated well
by exponent-logarithmic model, which is:

G = a1 exp(a2 ln(C))+ a3 (1)

In Eq.(6), a1, a2 and a3 are the parameters determined by
different gases. When none combustible gases exist on the
surface of the sensor, electrons transferred to adsorbed oxy-
gen, the number of electrons on the semiconductor surface
decreases, leading to increment of the gas sensor’s resistivity.
On the other hand, when combustible gases contact with the
sensor, reactions between the tested gas and oxygen ions
release electrons, leading to increment of the gas sensor’s
conductivity. Correspondingly, the change amount of con-
ductivity is proportional to the concentration of combustible
gas (CG), the higher concentration of the CG, the greater
change of the conductivity.

Generally, peak height or peak area is used as the quanti-
tative method of gas chromatography, according to the linear
relationship between peak height (or peak area) and gas con-
centration. Based on which, the unknown gas concentration
is determined by the look-up-table method. According to
Eq.(1) which is not linear, shows that the conductivity of
the semiconductor tin oxide sensor is exponent-logarithmic
related to the gas concentration change, and there would be
large error if using the traditional peak height or peak area
linear fitting method. For semiconductor tin oxide sensor,
the change of peak height or peak area is the change of
conductance. In practical application, to determine the three
parameters: a1, a2, a3, the sensor should be calibrated. When
the gas concentration is C1 which corresponds to the con-
ductance of the sensor is G1, the gas concentration is C2
which corresponds to the conductance of the sensor is G2,

hence, for n different concentrations of standard gases, the
corresponding concentration and conductance of vectors can
be written as: G = (G1, G2 . . .Gn), C = (C1, C2 . . .Cn).
Substitute the two vectors into Eq.(1), an equation group can
be obtained:

G1 = a1 exp(a2 ln(C1))+ a3
G2 = a1 exp(a2 ln(C2))+ a3
...

Gn = a1 exp(a2 ln(Cn))+ a3

(2)

By using least squaremethod, the nonlinear equation group
can be solved, and the value of the parameters a1, a2, a3 can be
determined. On this basis, the unknown concentration C can
be obtained according to the measured conductance change
G. For DGA application of this paper, the sensor is calibrated
by using five sets of standard gases to determine the model
parameters.

III. EXPERIMENT
Due to the cross sensitivity of the semiconductor sensor, the
characteristic gases must be separated before detection. The
separation of gas mixtures using GC is based on the fact
that that the adsorption coefficient is different between gases
and stationary phases [28], and the separation is realized by
the chromatographic column. There are two factors, namely,
amount of sampling gas and separation degree which affect
performance of the GC system directly. The consistency of
former has great influence on the measurement repeatability,
while the later is evaluated by the retention time (RT) differ-
ences of each component.

In order to validate the correctness of the proposed model
on the developed sensor, a chromatography instrument is
developed. The sensor is integrated with the temperature
control as well as data acquisition module [25], the latter
convert resistance of the sensor into the voltage. The collected
data is sent to the special chromatographic software. When
the test process is performed, the package of the sensor and
CC are set to 60◦C. Prepare the standard gas from high to low
concentration as different samples. After the temperature of
CC stabilized at 60±0.1◦C, as well as the fluctuation of base-
line is less than 0.5mV/min, the prepared samples are then
transferred to the sampling loop, and then the chromatogram
is sampled and recorded by utilizing the data acquisition
unit. There may exist trace concentration of propane in the
mixture gases extracted from the oil. Its concentration is so
low that there may be only a slight fluctuation of the baseline.
Considering the baseline stabilization, after the last peak,
i.e., C2H2, flows out from the column, another 15min are
reserved before next experiment so that propane can flow out
as one single peak in this period.

A. SIGNAL PROCESSING
To separate small peaks from the chromatographic signal (for
detection of incipient transformer faults), signal denoising is
crucial to promote signal-noise-ratio (SNR) [28]. In terms

94014 VOLUME 7, 2019



J. Fan et al.: Characteristics of Tin Oxide Chromatographic Detector for Dissolved Gases Analysis of Transformer Oil

of chromatographic signal denoising, discrete wavelet the-
ory (DWT) is used largely, and the detail of which can refer
to [29], [30]. Actually, the denoising is based on the fact that
the DWT decomposition coefficients of the chromatogram
are restricted to approximation coefficients, the signal com-
ponents are large, while the amplitude of noises’ coefficients
are small and distributed in detailed coefficients [29], [30].
Hence, though thresholding the small coefficients, the denois-
ing of the signal can be realized. When the DWT is per-
formed for denoising, many parameters are needed to be
determined [31].

In order to reconstruct the signal perfectly after wavelet
denoising, orthogonal mother wavelet should be chosen [31],
e.g., Coiflet, Symlet and Daubechies, et al. In terms of the
second parameter, namely, the decomposition levels should
be determined carefully such that the noise components can
be eliminated efficiently. The wavelet and decomposition
level k can be determined by the method proposed in [32]
in practical application.

The third parameter is threshold value, which is critical
in DWT. A small threshold value is ineffective to eliminate
noises, while the useful signal components would be lost if
a large value of threshold is selected. Presently, the most
widely used methods for threshold estimation [31], [33] are
‘rigrsure’, ‘heursure’, ‘sqtwolog’, and ‘minimaxi’, respec-
tively. The ‘sqtwolog’ method determines the threshold by
the length of the signal, but content of the signal is not
taken into account. ‘minimaxi’ is evaluated byminimizing the
maximum risk of estimation error, and it is a fixed threshold
method. In terms of ‘rigrsure’ method, a threshold value is
determined by minimizing the Steins unbiased risk estima-
tion (SURE). For ‘heursure’ method, one of ‘sqtwolog’ or
‘rigrsure’ method is selected after SNR estimation. In fact,
different methods yield to different results [34].

The threshold function is the fourth parameter, it deter-
mines the way to for wavelet coefficients treatment based on
the threshold value. Commonly, there are two types of thresh-
old functions, namely soft and hard functions. For two types
of threshold functions, the coefficients which are smaller than
the thresholds are set to zeros. The other coefficients are
shrunk by using soft threshold function. However, in hard
threshold function they remain unchanged. Generally, larger
SNR value can be obtained by using hard threshold function;
however, there are discontinuities in the reconstructed signal.
Hence, soft threshold function is applied in this paper.

In this paper, the genetic threshold wavelet algorithm
(GTWA) [25] is adopted for signal denoising. To determine
optimal parameters for weak signal extraction, the noisy chro-
matogram is simulated using the following expression [28]:

f (t)=
N∑
i=1

Ai
σ
√
2π

exp[−
1
2
(
t−tRi
σ

)2], i = 1, 2, . . .N . (3)

where Ai is the area of ith peak, tRi is the retention time
of the ith peak. Because the characteristic gas dissolved in
transformer oil have six components, i.e., H2, CO, CH4,

TABLE 1. Parameters of simulated chromatogram.

FIGURE 3. Simulated noise.

FIGURE 4. Simulated chromatogram with noise addition.

CH4, C2H6, and C2H2, six chromatographic peaks have been
simulated and produced. Similar to the actual application,
all chromatographic peaks are concentrated in 15 minutes,
the baseline is set to 200mV. The detailed parameters of
the simulation are shown in Table 1, and the corresponding
simulated chromatogram is shown in Fig.2.

In the actual engineering application, due to the noises
in chromatogram, random noises are added to the chro-
matogram in the simulation. The additive noises are simulated
as follows:

s(t) = f (t)+
0.5− b ∗ randn

a
(4)

where s(t) is the produced noisy chromatogram curve; a, b are
the constants to control SNR, randn is the Gaussian white
noise generated usingMATLAB, when a= 2, b = 3, the sim-
ulated noise and corresponding chromatogram are shown
in Figs.3∼4, respectively.
It can be seen from Fig.3 that the positive maximum value

of noise amplitude is 6.4017mV, and the negative maximum
value is -5.5696mV. In terms of the region 13∼15min where
acetylene locates, the noises are 3.3908mV and -4.2067mV,
respectively. However, the peak height of acetylene is only
setup to 2mV, which is drowned out by noise pollution. As a
result, Fig.4 is the simulated chromatogram which can be
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FIGURE 5. Validity of signal denosing algorithm.

FIGURE 6. Actual measured chromatogram (dissolved gas in oil) with
noise.

used to verify the validity of denosing algorithm. On basis
of this chromatogram, the signal extraction ability of the
GTWA can be maximized, and the optimal parameters can
be obtained, which are as follows: decomposition level k= 6,
sym4, soft threshold function, the results are shown in Fig.5.

As shown in Fig.5, the weak acetylene peak can be
extracted from the noisy chromatogram; the peak height is
1.99mV after denosing, which almost keep the same height
(2mV) with original signal and indicates validity of the pro-
posed signal denosing algorithm. After the optimal wavelet
parameters for denoising are determined by the simulated
chromatogram, the signal extraction ability of the algorithm
on the actual measured chromatogram is needed to be ver-
ified. Unlike the simulated chromatogram, the actual chro-
matogram is often with a baseline drift. Moreover, for most of
the transformer oil, the gas concentration of each component
(especially acetylene) is low; hence the corresponding peak
is weak, which is usually submerged by noises.

The actual measured chromatographic signals of four
developed detectors in this work are shown in Fig.6.
As shown in Fig.6, the baseline of the chromatographic
SnO2 detector is somewhat oblique. The reason is that there
is ‘‘baseline stabilization time’’ for any chromatographic
detectors, including the SnO2 chromatographic detector.
It is notable that the baseline drifts are in the range
of 0.14∼0.3mV/min, within which the measurement accu-
racy is not affected.

The corresponding denoised chromatogram using common
threshold wavelet algorithm (CTWA) with sqtwolog rule and

FIGURE 7. Sqtwolog rule of wavelet threshold denoising result vs. genetic
wavelet algorithm using soft threshold function.

TABLE 2. Comparison of different denoising algorithm.

FIGURE 8. Repeatability tests using the same concentration.

TABLE 3. Standard gas concentration for calibration (ppm).

GTWA are shown in Fig.7. As seen from Fig.7, the GTWA
has better denoising effect. Compared with CTWA method,
the obtained chromatogram using GTWA is smoother, indi-
cating higher SNR. However, there still exist noises after
using the ‘sqtwolog’ rule of CTWA, especially when the
gas concentration is low and the noise is large. With the
increment of gas concentration, the peak height becomes
larger while the noise is unchanged, SNR becomes higher,
the differences between the CTWA and the GTWA decreases,
hence GTWA is especially suitable for the extraction of the
weak signals in the chromatograms with large noises and low
gas concentration.

Take acetylene for example, after wavelet denoising,
the SNR with different wavelet algorithm are shown
in Table 2, from which it can be seen that the SNR with
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FIGURE 9. Correlation of peak height versus logarithm of
concentration (H2).

FIGURE 10. Correlation of peak height versus logarithm of
concentration (CO).

GTWA is increased more than three times. Hence, the min-
imum detection limit of acetylene will be promoted the cor-
responding multiples when the sensor’s sensitivity remains
unchanged, thus providing a good foundation for discovering
the early faults of power transformer.

B. QUANTITATIVE RESULTS
For chromatographic detector, quantitative repeatability is
important for performance evaluation. The stability of peak
height or peak area is usually used to evaluate the repeatabil-
ity. According to reference [35], the relative standard devi-
ation (RSD) can be calculated from Eq.(5) for the sequence

G = (G1,G2 . . .Gn):

RSD =

√
n∑
i=1

(Gi − G)2

(n− 1)G
× 100% (5)

In Eq.(5), n indicates the number of detection records;
G represents the average peak height; Gi represents the
conductance of the ith records; i is the numerical record of
testing number. In order to test the repeatability, the standard
gas is analyzed using the developed instrument, the standard
gas concentrations are as follows: H2 is 480.63µL/L, CO is
1835.98µL/L, CH4 and 530.61µL/L, C2H4 is 578.1µL/L,
C2H6 is 576.51µL/L, C2H2 is 592.2µL/L. Repeat the test five
times, the peak height of the chromatogram are recorded, as
shown in Fig.8. The RSD values of the six gases tested are:
H2:8.5%, CO:7.5%, CH4:4.7%, C2H4:5.6%, C2H6:6.2%,
C2H2:3.4%, meeting the requirements that less than 10% in
IEC 60599-2015.

In order to examine performance of the detector, and verify
validity of the quantitative algorithm proposed in this paper,
based on Eq.(1), the detector’s response to six characteristic
gases at different concentrations shown in Table 3 were care-
fully tested in this work, and the standard gases are stored in
gas cylinders and produced by commercial gas company. The
correlations of the logarithm of the concentration versus the
peak height were obtained, as shown from Figs.9∼12.
From Figs.9∼12, the fitting curves show well coincidence

for the proposed model of which corresponding regression
equations (RE) are listed in Table 4, as well as correlation
coefficient, linear range, and detection limits for six char-
acteristic gases. As shown in the Table 4, the responses of
the detector agrees well with the established model with a
correlation coefficient>0.9 for all gases (larger than 0.99 for
four hydrocarbons). Based on the REs, the detection lim-
its (DL) were calculated by using double amplitude of noise
(i.e., obtained results in Table 2) in the REs. The purpose of
the detector and the corresponding GC system is designed
for relative large concentration measurement, the DL is about
1 ppm to hydrocarbons, e.g., 1ppm (v/v) for acetylene.

FIGURE 11. Correlation of peak height versus logarithm of concentration (CH4\C2H4).
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FIGURE 12. Correlation of peak height versus logarithm of concentration (C2H6/C2H2).

TABLE 4. Parameters of fitting curve and performance of the detector.

Usually, regarding DGA for power transformer, FID +
TCD is the frequent used detector in laboratory, whose results
can be taken as references for other sensors, e.g., SnO2 sensor,
SOFC, or PSS. In order to compare the results with FIDs,
experiments are performed to test the same sample gas using
the developed detector. Compared with FID+ TCD, all of the
relative errors are less than 10%, which indicates that similar
measurement precision can be achieved by utilizing the chro-
matographic detector of this work and proposed quantitative
algorithm. Notably, only air is needed to be the carrier gas,
based on which the hardware cost of the GC is reduced.
Unlike FID + TCD, no hydrogen which is flammable gas
is needed, hence the structure of the system is simplified
and the security can be improved. It is worth mentioning
that the degassing process of transformer oil is not consid-
ered in the calculation process, in the practical application
of engineering, gas extraction methods, e.g., shaking tech-
nique [36], or vacuum degasification [37] are commonly used
techniques, in which the degassing rate and oil temperature
should be considered, and the gas-in-gas value should be
corrected to obtain the final gas-in-oil results.

IV. CONCLUSION
(1) The gas sensing mechanism for measuring six-

component gases dissolved in transformer oil by
nanometer tin oxide semiconductor chromatographic
detector is expounded. A GC system based on one-
dimensional nanometer tin oxide fiber material is
developed.

(2) To extract small peaks from the chromatographic sig-
nal, GTWA method is adopted for chromatogram
denoising. The exponent-logarithmic model between
the conductance of SnO2 sensor and combustible gas
concentration has been proposed, based on which the
repeatability and accuracy are tested, and the validity
of the proposed model was validated.

(3) Combined gas chromatographic system with nanome-
ter tin oxide detector, the cross-sensitivity problem
of mixture detection can be effectively solved. Mean-
while, the exponent-logarithmic quantitative model
proposed in this paper is more suitable than the tradi-
tional linear fittingmethod on basis of chromatographic
peak height or peak area. Only air is needed to be
carrier gas, which reduces the cost and complexity of
the hardware system, has important engineering appli-
cation value.
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