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Abstract: To address the problem of on-line dissolved gas analysis (DGA) of a power transformer,
a Fourier transform infrared (FT-IR) spectrometer was used to develop an analysis instrument.
Carbon monoxide (CO), carbon dioxide (CO;), methane (CHy), ethane (C;Hg), ethylene (CoHy) and
acetylene (C;H;) were the analytes for the FT-IR spectrometer while propane (C3Hg), propylene
(CsHg), propyne (C3Hy), n-butane (n-C4Hjo) and iso-butane (iso-C4H;pg) were the interferents,
which might exist in the dissolved gas but are not currently used as analytes for detecting an
internal fault. The instrument parameters and analysis approach are first introduced. Specifically,
an absorption spectra reading approach by switching two cone-type gas cells into separate light-paths
was presented for reducing the effects of gas in the gaps between gas cells and spectrometers,
scanning the background spectrum without clearing the sample cell, and increasing the dynamics.
Then, the instrument was tested with a standard gas mixture that was extracted from insulation oil in
a power transformer. The testing results show that the detection limit of every analyte component
is lower than 0.1 uL/L, and the detection limits of all analytes meet the detection requirements of
oil-dissolved gas analysis, which means that the FI-IR spectrometer may be an ideal instrument due
to its benefits, such as being maintenance-free and having a high stability.

Keywords: oil-dissolved gas; power transformer; Fourier transform infrared spectrometer;
gas chromatograph; spectral analysis

1. Introduction

Power transformers may be the most important piece of equipment in the operation of a power
system and transmission network, or between lines of different voltage levels [1]. Thus, much attention
is focused on the condition of transformers. According to IEC/IEEE standards [2,3], dissolved
gas analysis (DGA) is commonly used to detect internal faults within power transformers during
uninterrupted power services. The fault-related gases, which mainly include carbon monoxide (CO),
carbon dioxide (CO,), hydrogen (H;), methane (CHj,), ethane (CyHg), ethylene (C;Hy) and acetylene
(CoHy), are used to assess the condition of the power transformer by analyzing their compositions,
rates of generation and specific content ratios [1,4-7].

In accordance with the ASTM 3612 standard [8], gas dissolved in transformer oil is analyzed via
gas chromatography (GC), which provides high measurement accuracy and repeatability. Using this
method however, a DGA is usually performed only once a year due to various reasons, such as high
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costs, long running time and several standards that have to be applied to the extraction, storage,
and transportation of oil samples to chemical laboratories [4]. Only when significant concentrations
of fault gases are detected during routine transformer inspection is more frequent testing required.
Therefore, DGA based on GC has many limitations.

To overcome the above problems, auto-GC for DGA on-line was developed and applied [5].
However, there are still many problems. First, the chromatographic column will be polluted by the
analyzed gas after the GC has operated for a long time, leading to increasing inaccurate results until
a calibration is performed again [9,10]. However, when the pollution is so serious that accuracy of
the results cannot meet the requirements even after calibration, the chromatographic column must
be replaced [9,10]. Second, the accuracy of the analysis results depends on the pressure of the carrier
gas [11-13]. As the pressure decreases, the accuracy decreases, which means the gas pressure must be
monitored. When the gas pressure is too low, the carrier gas must be supplied in time [9,10]. Therefore,
both the calibration and gas supplement result in costly maintenance.

To avoid the problems associated with GC, further approaches for DGA have been presented
based on spectroscopy because of their purported benefits, such as being maintenance-free, having
no carrier gas requirement, etc. [14-16]. Bakar and Abu-Siada proposed a method to estimate the
concentration of various dissolved gases in transformer oil using near infrared-to-infrared (NIR-IR)
spectroscopy [4]. In addition, Benounis and his co-workers developed NIR and an optical fiber sensor
for the detection of gases produced by transformation oil degradation [15]. We also attempted to
analyze index gases dissolved in insulating oil using infrared spectroscopy [16].

However, the approaches above cannot solve the problem of long-term continued analysis. As a
result, on-line techniques have been introduced. The Faraday Transformer Nursing Unit (TNU),
produced by SYPROTEC, uses a Fourier transform infrared (FI-IR) spectrometer to detect CO, CO,,
CHy, C,H,, CoHg, CoHy and H,O, and a HYDRAN sensor to detect H,. Moreover, CoreSense™ M10,
another on-line form of DGA, produced by ABB, is also based on FT-IR, and can detect Hy, CHy,
CyHy, CoHy, CoHg, CO, CO,, propane (C3Hg) and propylene (C3Hg). For both instruments, accuracy
requirements can be met, but there are still some problems, such as instability. As a result, the Faraday
DGA and CoreSense™ M10 are not used widely in China and little information on them is available.
The Southern Power Grid, one of the largest power grid companies in China, once imported a Faraday
TNU, which was eventually discontinued due to its instability.

Later, in 2007, GE Energy produced the Kelman Transfix, a new on-line monitoring unit that
measures individual dissolved gas based on the photoacoustic spectroscopy (PAS) technique. It is
capable of automated multi-gas detection plus on-line moisture monitoring of eight gases, including
H,, CO, CO,, CHy, C;H,, CHg, CoHy and HyO, and is able to provide DGA results every hour.
Nevertheless, the PAS technique has limitations. On one hand, its accuracy may be affected by the
absorption characteristics and the wave number range of the optical filters used in the detection [17,18].
On the other hand, although the accuracy is high (reportedly above 90%) when detecting some organic
gases, such as CHy, CoHj, CoHy, and CyHg, its accuracy in detecting CO and COs; is low, especially
with low concentrations of the dissolved gases [19].

To summarize, although the techniques of spectroscopy have many advantages, to the best of our
knowledge, stability is always a problem for these instruments according to consumer’s comments,
which is exactly the aspect we focus on in this paper.

Infrared spectroscopy (IR) is believed to be the best method of green analytical chemistry [14].
It is a common approach for on-line gas analysis and is applied extensively in many fields, such as
gas logging [20], environmental protection [21,22], mine safety [23], etc. Gases such as CO, CO,,
and organic gases including CHy, CoHy, CoHy, CoHg, C3Hg, C3Hg, propyne (C3Hy), n-butane
(n-C4Hjp), iso-butane (iso-C4Hjy), formaldehyde, and acetaldehyde can be traced accurately within the
IR spectrum [24,25]. The concentration of each component of gases can also be determined with feature
extraction methods, such as forward selection, neural networking, support vector machines (SVMs),
Tikhonov regularization and partial least squares (PLS) regression [26,27]. Moreover, many papers
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have indicated the feasibility of developing a DGA based on FI-IR and conducted laboratory
experiments [23,24]. However, results of testing equipment only meet specified requirements in
the laboratory, which does not mean that on-site requirements can be met, since some practical issues
and long-term performance have not been considered. Thus, several novel approaches have been
put forward to reduce the limitations of IR absorption spectroscopy for DGA. The first issue is that
the IR spectrum is incapable of tracing Hj [24]. To solve this problem and obtain all seven key gases
dissolved in insulating oil, Bodzenta developed a special H, sensor [28]. Furthermore, there are
fault identification approaches based on six key gases [4]. In other words, some fault identification
approaches based on the IR spectrum can be used without concentration information of Hy. However,
seven key gases were detected in the paper, using a special H, sensor to detect the concentration of Hp
and the IR spectrum to detect the concentration of the other six key gases. Second, the IR spectrum
seems to be affected by water vapor, which can be easily solved using our previous work [23]. Third,
baseline drift and even abnormal distortion is also common in the IR spectrum and is the key point
affecting the long-term performance of the instrument. To solve this problem, a two-gas cell-switching
method was first added in our work and was proven to be an effective method for reducing the effects
arising from characteristic changes of components of the FT-IR spectrometer and from a concentration
change in the gas in the gaps between the gas cell and FT-IR spectrometer. Fourth, the volume of
the gas cell is often more than 100 mL. To solve this problem, a cone-type gas cell was used first in
our work, lowering the volume of gas needed for analysis to only 27 mL and leading to a successful
fast response of dynamics. Moreover, C3 gases, including CsHg, C3H4 and C3Hg, are considered in
this paper. Since C3 gases can also be degassed from oil when a vacuum degasifier is used and their
absorption spectra overlap with those of CHy and C,Hg, they will interfere with the analytes. If these
gases are not taken as interferents when the gas analyzer is calibrated, a large error may affect analysis
results of the analytes. In fact, some researchers have even suggested that C3 gases might be the more
appropriate index gases for predicting the internal fault of a power transformer because of their high
solubility compared to the traditional dissolved-gases, which means less C3 gases can escape from the
oil [29].

In this paper, an on-line DGA instrument for power transformer fault detection based on an FT-IR
spectrometer is developed. It contains the benefits of being maintenance-free, having no carrier gas
requirement, and accurately tracing almost all the polar molecule gases. Both the structure of the
instrument and the spectrometer parameters are given. Six gas components, including CHy4, C,Hg,
CyHy, CoHy, CO and CO,, were taken as the analytes, while CsHg, iso-C4Hjg, n-C4H;9, C3Hy and
C3Hg were taken as interferents. Then, an analysis approach was introduced. Finally, the instrument
was tested with standard gases and gas extracted from oil on-site.

2. Methodology

The performance of a DGA analyzer can be affected by its structure as well as the analysis
approach due to several reasons. First, the DGA analyzer works continuously in a transformer
substation, where the environmental temperature and pressure varies with time. Second, the detection
limit of every analyte component is low. Third, there may be interferents in the gas mixture extracted
from the oil. Since ethane has been extracted from insulating oil, it is possible that C3Hg, CsHg,
and even butane can also be extracted from the oil. Therefore, both the structure and analysis approach
of the DGA analyzer must be set or chosen prudently.

2.1. Instrument Structure and Parameters

2.1.1. Structure

The schematic diagram of the oil-dissolved gas analyzer is shown in Figure 1. Twelve components
were included: one FT-IR spectrometer, one storage cell, two gas cells and one switcher, one industrial
computer, two temperature and pressure sensors, one adapter, one hydrogen sensor, one degassing
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unit, and one air conditioner. All components were assembled in a machine cabinet except for the air
conditioner. The air conditioner was used to maintain the inside temperature of the machine cabinet
at approximately 20 °C. The storage cell could provide power for the FT-IR spectrometer and the
industrial computer in a loss-of-power event. Sensors were used to monitor the temperature and
pressure of the analytes so that temperature and pressure compensation could be accounted for in the
analysis results. The degassing unit was used to extract oil-dissolved gas from the insulation oil of the
power transformer. Two gas cells, one called the background cell and the other called the working cell,
are switched by the switcher, which is controlled by the industrial computer. Finally, the industrial
computer was used to perform the spectrum analysis, read data such as the absorption spectrum and
the outputs of sensors, and control the degassing unit and gas cell switcher. The outside and inside
views of the oil-dissolved analyzer developed in this work are shown in Figure 2.

Micro-PC | Power | pepe |POVET | Storage Cell
I
Control Power T Power Lines
FT-IR spectrometer Adapter
Spectrum Gas Cells |
Sensors Power A]r
Degassing unit conditioner
Gas Outlet = -
Gas Outlet - U L
01l Outlet O1il Inlet

Figure 1. Schematic diagram of oil-dissolved gas analyzer.

Power
transformer

————————————————

Degassing unit

(a)
Figure 2. Outside view (a) and inside view (b) of the oil-dissolved gas analyzer.
2.1.2. Parameters
(1) FT-IR spectrometer
An IR Spectrometer named Spectrum Two, one type of FT-IR spectrometer developed by Perkin
Elmer, was used in this work. Inside this spectrometer, a Globar light source was used as a mid-infrared

source, while a standard deuterated triglycine sulfate (DTGS) detector was used to measure the full
radiant power. The optical path was 10 cm, the spectral resolution was set to 1 cm~!, and the
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wavenumber range was set to 4004000 cm~!. The scanning time was set to 16. In addition,

the Norton-Beer medium function was selected as the apodization function, since it can lead to
the best-fitting adherence to Beer’s law for the spectra measured at a moderate resolution.

(2) Gas cell

For a common FT-IR spectrometer, the gas cell is tubular and requires a large amount of gas to
fill. In this work, a different gas cell, fabricated in a two-cone shape as shown in Figure 3, was used to
decrease the volume of gas needed. The diameter of the gas cell is 3 cm at the two sides while only
0.5 cm in the middle, with a volume of approximately 27 mL. Because only a small amount gas can be
separated from the 1000 mL of insulation oil [30], the gas cells used here could increase the dynamics
of the analysis system.

Outlet Inlet
(a)

Emergent
Light

Gas Cell

Incident 3 Incident
Outle Inlet Light Outlet Inlet Light

(b) (©

Figure 3. (a) Outside view of gas cell used in this work; (b) sectional drawing of pipe-type and light
path; (c) sectional drawing of cone-type gas cell and light path.

(3) Temperature sensor and pressure sensor

The temperature and pressure of the analytes affect the volume percentage of the gas concentration.
In this work, a BMP085 produced by Bosch was used to measure the temperature and pressure so
compensation could be conducted to correct the analysis results during the process of spectrum
scanning. This sensor could easily be assembled in the gas path due to its small size.

(4) Degassing unit

The degassing unit used here was a vacuum degasifier. There was a liquid flow-controller
assembled at the oil inlet and a gas flow meter at the gas outlet. Under the control of the flow
controller, 1000 mL of insulation oil was used to be degassed, which was later reinjected into the power
transformer. The gas flow meter was used to measure the volume of oil-dissolved gas degassed from
the insulation oil. With the vacuum degasifier, almost all of the dissolved gases (approximately 30 mL)
can be degassed from 1000 mL insulating o0il [30]. The degassing procedure was introduced in [5].

2.2. Analysis Approach

The calibration process was identical to that performed in our previous work [23]. Two hundred
sets of samples were prepared to calibrate the instrument. Among these samples, 30 sets were standard
gases while the rest of the samples were mixtures of standard gases using a gas blending system based
on gas flow controllers. The ambient temperature and pressure were maintained at 20 °C and 760 Torr
respectively during calibration. The gas-flow rate of the gas mixture flowing through the gas cell
was kept at 1 L/min. The absorption spectra of 10 analyte and interferent components are shown in
Figure 4, with a concentration of 1000 ppm.
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Figure 4. Absorption spectra of analytes and interferents with a concentration of 1000 ppm.

After obtaining the spectra of the samples, baseline corrections were first conducted.
The correction approach used here is the piecewise two points auto-linear correlated correction method
presented in our previous work [31]. Next, Tikhonov regularization and forward selection, two feature
extraction methods, were respectively used for the two types of analyte components: components such
as CoHj, CoHy, C3Hg, CO and CO,, which have good selectivity, as shown in Figure 4, were extracted
using forward selection; components whose absorption peaks overlap with others extensively, such as
CHy, CoHg and C3Hg, were extracted using Tikhonov regularization [26].

The approaches for building the analysis models conducted here were also the same as in our
previous work [23]. In brief, for the components whose feature variables have good linearity with the
gas concentration, a multi-input linear analysis model was used; for the components whose feature
variables have good selectivity, a polynomial model was used.

Differing from our previous work, the absorption spectrum of oil-dissolved gas was obtained
according to the following procedures when the oil-dissolved gas analyzer works on-site.

(1) Before the analyzer was put into use, two gas cells, both injected with nitrogen, were scanned
by the FT-IR spectrometer under the control of the gas cell switcher, which was switched into the
light path. After scanning, two luminous intensity spectra were obtained. The one obtained with the
background cell was denoted as I}, and the other obtained with the working cell was denoted as I,,g.

(2) After the analyzer was put into use, oil-dissolved gas was extracted from the insulation oil
with a degassing unit under the control of an industrial computer and then was injected into a working
cell while the background cell was maintained full of nitrogen.

(3) Two gas cells were scanned using the FI-IR spectrometer under the control of the gas cell
switcher, which was switched into the light path once again. The luminous intensity spectrum
obtained with the background cell was then denoted I,;, while that obtained with the working cell
was denoted I;1.

(4) The absorbance spectrum A of the oil-dissolved gas was calculated according to Equation (1):

I I
a=e(i) +u() ®

where Ig(-) is the common logarithm operator.

After the absorbance spectrum A was obtained, it was then analyzed with the software developed
above, and the raw results were obtained. Here, the raw results are denoted Cyayw = [c1, C2, €3, ¢4, Cs5,
cg] T, where the c1, ¢y, ¢3, ¢4, c5, and cg are the concentrations of CHy, CoHg, CoHa, CoHy, CO and CO,,
respectively. To reduce the effect resulting from the temperature and pressure, the analysis results of
the oil-dissolved gas mixture were corrected by Equation (2):



Energies 2018, 11, 3192 7 of 15

273+ 20 P
Ceorrect = Craw X m X 760 )

where T is the temperature, in °C, of the analyzed gas, P denotes the pressure in Torr, and Ceorrect is
the corrected concentration vector of the analytes.

For a quantitative analysis of the gas mixture, the interferents must be taken into account.
In oil-dissolved gas, there are water vapor and Hj, in addition to the analytes listed above in the
analyzed gas mixture, but no BTX (benzene, toluene, or xylene). For water vapor, as discussed in our
previous work [18], it is easy to avoid the interference resulting from BTX of every analyte component
because there is at least one absorption peak that does not overlap with the absorption regions of the
vapor. Hj is a non-polar molecule and has no absorption peak in the infrared spectrum. Therefore,
neither water vapor nor H; will have any effect on the analysis of the analytes.

3. Testing Results and Analysis

3.1. Testing Results with Standard Gases

According to IEC 60567 [32], the sensitivity requirements of a DGA analyzer are specified for
factory acceptance tests and for equipment in service, as listed in Table 1 [5].

Table 1. Sensitivity requirements of a dissolved gas analysis (DGA) analyzer.

Detection Limits/(uL/L)

Gases
Factory Acceptance Tests =~ Equipment in Service
H, 2 5
Hydrocarbons 0.1 1
Cco 5.0 25
CO, 10 25
Atmospheric gases 50 50

In our previous work [23], the detection limit and precision of every analyte component are given.
In this paper, the testing experiments were performed again. With approximately 30 mL of gas being
degassed from 1000 mL of oil [30], the detection limit and precision can be transformed into that for
the dissolved gas analysis by multiplying them by 0.03. Although the approach for obtaining the
absorption spectra here was different from that used before, the testing results obtained with the
standard gases are almost the same since the transmittance is the ratio of luminous intensity measured
by the detector.

By comparing Tables 1 and 2, it can be seen that the maximum error of every component is
lower than the corresponding detection limit of the factory acceptance tests when the concentration is
very low.

Table 2. Root mean square of the analyte and maximal analysis error in the case of background spectra (L/L).

Root Mean  Maximal Root Mean  Maximal
Item Gas Item Gas

Square Error Square Error
1 CHy 0.015 0.026 7 C3Hg 0.031 0.057
2 CyHg 0.008 0.034 8 CoH, 0.005 0.009
3 C3Hg 0.031 0.057 9 C3Hy 0.036 0.068
4 iso-C4Hyg 0.012 0.024 10 CcO 0.018 0.057
5 n-C4Hyp 0.031 0.054 11 CO, 0.012 0.032
6 CoHy 0.015 0.033 - - - -

The analysis error of every analyte component in different concentrations can also be obtained
from our previous work, with the testing results shown in Table 3 [23]. This table indicates that the
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maximum error is less than 0.6 uL/L when the component concentration is lower than 3 uL /L. Thus,
it is less than 1 pL./L, meeting the requirement of the detection limit of equipment in service, as shown
in Table 1. Since the testing results were obtained with a mixed gas where all C3 and C, gases, with the
exception of the common analyte in the gas, were present and extracted from power transformer oil,
it can be concluded that this equipment still meets the detection limit requirement of IEC 60567 even
when it is in service.

Table 3. Maximum testing error or relative error within different concentration range.

Concentration Maximum Concentration Maximum
Item Range/(uL/L) Error/(uL/L) or Item Range/(uL/L) Error/(uL/L) or
Relative Error Relative Error
1 <0.3 0.18% 4 30-300 4.7%
2 0.3-3 0.6% 5 300-3000 3.5%
3 3-30 9.5% 6 >3000 2.2%

Additionally, there is evidence that C3 gases, including C3Hg, C3Hg and C3Hy, have been
detected, and they may be the more appropriate index gases for predicting an internal fault of a
power transformer [29]. Since the concentration of C3 gases could be obtained, as listed in Table 2,
the analyzer developed in this work is a better alternative instrument than GC, with respect to C3
gases, when needed for a fault forecast without additional cost.

3.2. Testing Results On-Site

The DGA analyzer developed in this work was put into use on-site at a transformer substation
on 19 January 2016 for further testing. The transformer substation is located in Laiwu City, China.
The oil-dissolved gas absorption spectra were scanned with two gas cells and calculated using two
methods. One method is the approach presented in this work, calculated by Equation (1), while the
other is the common method, calculated by Equation (3):

A= —lg(kz(l)) 3)

Specifically, in both methods I,y represents the luminous spectra scanned with a working gas cell
full of nitrogen, while I,;; represents the luminous spectra scanned with a working gas cell after the
DGA analyzer has been put into use. I refers to the luminous spectra scanned with the background
cell full of nitrogen, while I;;; was scanned with the background gas cell just before I,,,; was scanned.

Both spectra, calculated in different ways, were scanned for each day. The spectra are shown in
Figures 5 and 6, respectively.

In Figures 5 and 6, “Jan 19”, “Feb 16” and “Mar 06” mean that I,;; and I;; were obtained at
8:00 p.m. on 19 January 2016, 16 February 2016 and 06 March 2016, respectively, while the background
luminous intensity spectra I and I,,,0 were obtained at 8:00 a.m. on 19 January 2016.

From Figure 5, it can be seen that the baseline of “Jan 19” is almost a line at a value of 0, whereas
there seems to be absorption peaks at 1100 cm ™! for “Feb 16” and “Mar 06”. There are, however,
no absorption peaks for every analyte and interferent component near 1100 cm ™!, as is shown in
Figure 4. At the same time, the baselines of the three spectra shown in Figure 6 are all almost horizontal
lines. In other words, distortion occurs in the absorption baseline of “Feb 16” and “Mar 06” shown in
Figure 5 but not in Figure 6. As a result, the approach presented in this work can reduce the baseline
distortion of the gas absorption spectrum and avoid the error in the analysis results due to baseline
distortion [31].
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Figure 5. Absorption spectra of oil-dissolved gas obtained using the common method, i.e.,
A = —1g(Iyn1 /Imo) with the DGA analyzer developed based on a Fourier transform infrared (FT-IR)
spectrometer. I,,,0 means the luminous spectra were scanned with a working gas cell full of nitrogen.
It was scanned on 19 January 2016. I,,,; means the luminous spectra were scanned with the working gas
cell after DGA analyzer was put into use. The absorbances denoted with “Jan 19”, “Feb 16” and “Mar 06”
mean that I,,;; was scanned on 19 January 2016, 16 February 2016 and 06 March 2016, respectively.
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Figure 6.  Absorption spectra calculated with the luminous intensity spectra according

to A = —1g(lin1/Imo) + 18Ip1/Ipo)- Lno and I, are the same as used in Figure 5. Iy means the luminous
spectra were scanned with background cell full of nitrogen. I;; was scanned with the background gas
cell just before I,,;; was scanned on the same day.

It can also be seen that absorbance of “Mar 06” and of “Feb 16” are higher than that of “Jan 19”
in both Figures 5 and 6 within the high wavenumber band, which means that there still exists a
little baseline drift in both Figures 5 and 6. This drift is normally caused by an alignment of the
interferometer in the FI-IR spectrometer [33]. However, this is not a significant issue for gas analysis
since a drifted baseline can be corrected via a baseline correction afterwards [31].

From the subfigure in Figure 5, it is obvious that the peak height of “Mar 06” is higher than that of
“Feb 16” in the wavenumber band from 1430 cm~! to 1580 cm ™!, which is one of the absorption bands
of water vapor. However, in Figure 6, the situation is the inverse. This case may be caused by the
difference in concentrations of water vapor in the gaps between the gas cell and FT-IR spectrometer,
which is due to the atmosphere. Normally, weather changes slowly, so the concentration of water vapor
in the gaps when I,,;; was scanned was considered the same as that when I;;; was scanned because
the time difference of the two procedures was approximately 8 min. Similarly, the concentration
of water vapor when I,y was scanned was also the same as that when [y was scanned. However,
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the concentration of water vapor when I,,;; was scanned might differ from that when I,y was scanned
due to the long time difference and change in weather. In fact, the weather on both 06 March 2016 and
16 February 2016 was cloudy. However, the temperature on 06 March 2016 was 5-10 °C whereas that on
16 February 2016 was —3-5 °C. Additionally, the humidity level of the atmosphere on 16 February was
lower than that on 6 March due to the concretion of water vapor. This is the reason why the absorption
peak of water vapor for “Mar 6” is higher than that for “Feb 16”. Additionally, by comparing the height
of the absorbance of water vapor shown in Figure 6 and that of methane shown in Figure 5, it can be
concluded that the absorption spectrum of water vapor has a high sensitivity. Not only is the approach
for scanning the gas absorption spectrum presented in this work able to reduce the error brought from
gases in gaps, but water vapor can also be analyzed accurately if a calibration was properly performed.
Consequently, the approach for scanning the gas absorption spectrum presented in this work can also
avoid the adverse impact arising from gas in the gaps between the gas cell and FI-IR spectrometer,
especially for water vapor.

The analysis results of the spectra shown in Figures 5 and 6 are shown in Table 4. “Single” here is
used to denote the analysis results in Figure 5 since the spectra shown in Figure 5 were obtained with
only one gas cell. Similarly, “Double” denotes what is shown in Figure 6. From this table, it can be
seen that the concentrations of all analytes are less than the detection limit listed in IEC 60567, except
for COs,. In fact, the concentration of CO; is far away from the fault point, which means that the power
transformer is in a good state. Additionally, it can also be seen that the concentration of C;H, denoted
with “Single” is always less than that denoted with “Double”. At the same time, the concentration of
CO; denoted with “Single” is always larger than that denoted with “Double”. This difference may
be caused by the baseline distortion. On 16 February 2016, we took a tube of 0il from this power
transformer and analyzed it with GC in a laboratory. The concentrations of the analytes are listed in
Table 4. Results were almost the same as those from testing on-site. Thus, we can infer that the on-site
analysis results meet the requirement of the DGA standard.

Table 4. Analysis results on-site (L/L).

Date CH4 C2H6 C2H4 C2H2 CcO C02
19january  Single 00384 0 0.1745 0 0 51.73
Double  0.0187 0 0.2772 0 0061  39.78

16 February  SMEle 00011 0 0.4214 0 0 71.16
Double 0 0.0214  0.4476 0 0.048 6813

Single  0.1353 0 0.4749 0 0032  79.68

06 March o ble 00888 00282 0519 0 0 50.55
GCin Lab 0.11 0.01 0.42 0 002 5003

3.3. Dynamics

The dynamics is an important index for DGA analyzer. A high response indicates that a fault can
be found in time. In this work, the dynamics can be represented by the spectra scanned continuously
just after the analyzer was put into use, as shown in Figure 7. In Figure 7, “data i” means the ith
spectrum. From this figure, it is easy to see that the absorption peak height of water vapor of “data4” is
almost the same as that of “data3”, which means that three times the amount of degassing can put the
degassing process into a stable state. As noted above, the DGA is usually performed once a year [4].
Therefore, the DGA analyzer of this paper can easily meet the requirements, and the frequency of
testing can be set higher if any suspicious failure occurs.

The fast response is due to the structure of the gas cell shown in Figure 3. As introduced above,
the diameter of the gas cell is 3 cm at the two sides while 0.5 cm at the middle, and the length of the gas
cell is 10 cm. As a result, the volume is around one-third of the cylinder-shape design, whose volume
is 70.68 mL. The reason that the gas call structure can be used here is that the light path resembles two
tip-to-tip cones used in a commercial FT-IR spectrometer [33].
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Figure 7. Spectra scanned continuously just after the analyzer was put into use. “data i” means
the ith spectrum. The absorption peak height of water vapor of “data4” is almost the same of that
“data3”, which means that only three times the amount of degassing can put the degassing process into
stable state.

The procedure from the very beginning to the stable state is analyzed as follows. Once degassing
had been performed, the gas was injected through the inlet. At the same time, the gas in the gas cell
was vented. As noted earlier, the volume of the gas cell is approximately 27 mL while the volume
of the gas is approximately 30 mL. If the degassed gas is mixed with the 27 mL gas that was in the
gas cell, the concentration of every component in the mixture would be approximately 0.53 times that
of the component in the degassed gas after the first mixing was performed. The analytes, however,
could not spread to the outlet immediately when the degassed gas was injected into the gas cell. Thus,
the concentration of analytes in the vent gas is always lower than the average concentration in the gas
cell during the injection procedure. Specifically, the concentration of analytes was lower by 0.53 times
than that in the degassed gas after the first mixing. After the second mixing, it increased to be higher
by 80.3%, and then increased to be higher by 95% after the third mixing.

3.4. Stability

As discussed in the introduction, the stability of a gas analyzer developed with an FT-IR
spectrometer suffers from interferents, baseline drift and abnormal distortion. For the former,
some gases such as C3Hg, C3Hg that can be degassed from oil have been taken into account during the
process of calibration. The main source of instability is baseline distortion. In order to quantify the
stability of the setup used in this paper, a Fourier transform was performed with baseline correction
and feature variable extracted. This method has ever been used to identify the baseline distortion of
absorption spectrum of gas in our previous work [34].

First, the spectral baseline reading from the spectrometer was corrected with the common
approach [31] followed by standard gas analysis. Then, absorbance of analytes was reconstructed and
reduced from the corrected spectrum. Finally, Fourier transform was performed with the difference
spectrum, and the first four-line strengths were used as feature variables according to Equation (4).

v=fot+fat+fa—(fs+fot+ f7) 4)

where v is the dimensionless feature variable, and f; denotes the ith line strength of the Fourier
transform spectrum of difference spectrum.

When the method introduced in this subsection is performed for the wavenumber range from
700-1300 cm ™! of the spectra shown in Figures 5 and 6, the feature variables shown in Table 5 can be
obtained. From Table 5, it can be found that all the feature variables of the spectra shown in Figure 6
are almost the same as that of “Jan 19” shown in Figure 5 while that of “Feb 16” and “Mar 06” shown
in Figure 5 double and redouble. Since this feature variable indicates baseline stability, the lower the



Energies 2018, 11, 3192 12 of 15

feature variable, the more stable the spectrum baseline. Thus, the low values of the feature variables of
the spectra shown in Figure 6 show that the method of reading spectra presented in this paper has
high stability. It is at least more stable than the common method of reading spectra with only one
gas cell. In fact, during the past two years, the feature variables of the spectra read with the method
presented in this paper are less than 1.05. We believe this method may remain an effective means of
obtaining stable absorption spectra of oil-dissolved-gas for some time. On the other hand, the typical
lifetime of a commercial FT-IR spectrometer is several years, and perhaps more than ten years, when in
continuous use. The setup described in this paper may have long-term stability.

Table 5. Feature variables of spectrum shown in Figures 5 and 6.

Feature Variable

Spectrum Name

Figure 5 Figure 6
Jan 19 0.0968 0.0983
Feb 16 0.1842 0.0996
Mar 06 0.3671 0.0989

4. Discussion

Many experiments have been conducted in previous papers to verify that DGA-based FT-IR
can detect fault gases accurately [35,36], but conditions are different when applied to on-site testing.
There are some problems that should be considered.

First, interferents such as C3Hg and C3Hg, which may exist in the gas degassed from oil and can
affect analysis accuracy, have not been considered in these papers.

Second, the gas cells used in laboratories are common tube gas cells, whose volume is far more
than 30 mL, although approximately 30 mL of gases can be degassed from 1000 mL of insulating
oil [30].

Third, long-term performance is the key point for on-line DGA, and is dependent mainly on the
existence of baseline drift and abnormal distortion, and the presence of interferents. Experiments
conducted in a laboratory cannot reflect on-site long-term performance. Moreover, the existing DGA
methods based on FI-IR, such as the Faraday DGA and CoreSense™ M10, are not used widely in
China. We understand that Southern Power Grid, one of two big electrical power companies in China,
once imported a Faraday TNU but eventually discontinued it due to its instability.

To date, the DGA developed in the paper has worked when applied to the National Grid of China
for a significant period, without any loss of accuracy. Thus, it is believed that the method’s long-term
performance is good. This instrument is now listed in the popularization program of South Power
Grid in China.

The DGA analyzer designed in this paper can be improved and have a wider use. For example,
there may be other interferents, such as formaldehyde gas or a component of furfural, in the
oil-dissolved gases, which can also be used to predict internal faults of a power transformer [29,37].
According to the high-resolution transmission molecular absorption (HITRAN) database [24] and the
National Institute of Standards and Technology (NIST) Atomic Spectra Database [25], gases such as
formaldehyde, acetaldehyde and methylbenzene have absorption spectrum within the IR spectrum.
In addition, the FT-IR spectrum has already been used to detect concentrations of formaldehyde gas [38].
Consequently, our next work will develop a new type of analyzer, which can give concentrations of C3
and other organic gases, such as formaldehyde gas.

5. Conclusions

In this work, an FT-IR spectrometer was used to build a DGA analyzer that was put into use for
analyzing oil-dissolved gas on-line and on-site. According to the testing results obtained with standard
gases and gases extracted from the insulation oil, the following conclusions can be drawn.
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First, besides the many advantages of FT-IR, such as having no carrier gas, being maintenance-free,
having high stability and accurate tracing for almost all organic gases, etc., this work may be a
progression for on-line oil-dissolved gas monitoring since the accuracy of the DGA based on the FI-IR
spectrometer meets the requirements of IEC 60567. Additionally, it is possible to analyze C3 gases
using the analyzer developed in this work.

Second, a new approach for reading the absorption spectra is put forward to ensure the long-term
performance of the instrument. With two gas cells switching, this new approach can remove the effects
arising from characteristic changes of components of the FT-IR spectrometer and from concentration
changes of the gas in the gaps between the gas cell and the FT-IR spectrometer. This may be one of the
highlights for obtaining stable analysis results on-line.

Third, the volume of the cone-type gas cell is less than 1/2 that of a tubular gas cell. This design
improves the dynamics of gas measurement on-line, especially when the volume of the degassed gas
is small.

Finally, an FT-IR spectrometer can also be used to analyze water vapor on-line if a relative
calibration is performed since the absorption spectra of water vapor is stable and has high sensitivity.
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