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Abstract: Transformer serves as a vital component in the electrical energy supply system.
In order to have an uninterrupted power supply, it is essential to timely monitor the
condition of the transformer. A transformer has many components, out of which the
transformer oil is one of the most crucial. It provides insulation and keeps the transformer
cool. With ageing, the quality of the transformer oil degrades, and it loses its insulation
properties that become a threat to the supply system. Optical Spectroscopy has gained a lot
of attention in monitoring the quality of transformer oil in the past few years for various
advantages. This paper reviews some of the commonly applied Spectroscopy techniques to
monitor the various components of transformer oil by which we can predict the quality of

the oil.
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1. Introduction

Power Transformers are one of the most vital
elements in the transmission and distribution
network. It is also the costliest instrument in the
power system. To continue the power supply
system, it is essential to monitor the condition of
transformers continuously. Oil in a transformer
serves as a coolant and provides insulation between
the different parts [1-2]. Under continuous working
conditions and with ageing the quality of
transformer oil degrades [3]. Therefore, it becomes
very crucial to timely monitor the quality of oil to
prevent any kind of catastrophic failure. Quality
monitoring of transformer oil involves the testing
of various parameters of transformer oil such as
moisture content, acidity, breakdown voltage,
dielectric dissipation factor and interfacial tension
[4]. Dissolved Gas Analysis (DGA) is one of the
most widely used techniques [5]; however due to
need in expertise and complex setup requirement,
optical techniques are considered as an alternative.
Optical fibre system is used as an alternative to
electrical techniques [6-7]. Recently, various
spectroscopy techniques are under research to
develop other optical techniques to access the
various parameters of transformer oil [8-9]. This
paper describes the various spectroscopy
techniques used to study the various parameters
considered to monitor the quality of transformer
oil.

2. Fundamental of Optical
Spectroscopy
Optical Spectroscopy technique studies the

interaction between a matter and electromagnetic
wave (EM) [10].The matter reflects, absorbs,
diffuses, refracts or emits at particular wavelengths
whenever an EM wave interacts with a matter. The
readings obtained using spectroscopy techniques
are accurate. In the UV-VIS-NIR spectroscopy
techniques, light is passed through a sample under
test and is detected in terms of optical signal,
transmittance or reflectance. The results are then
converted to absorbance as a function of
wavelength given by Beer-Lambart Law [11] as
§;—D;
A; = —log,, (R;. — D.J.) = g;.cl (1)

where, A4, is the light absorbance, S, is the sample
intensity, R, is the reference intensity D, is the
dark intensity, &, is the absorbance coefficient of
the absorbing species at wavelength A, c¢ is the
concentration of the absorbing species (gram/liter)
and [ is the path length traversed by the light.

The spectrum of spectroscopic techniques
is divided into Ultraviolet region, Visible Region
and Infrared Region. This paper describes the
spectroscopy techniques one by one.
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Types of Spectroscopic Techniques used for
monitoring transformer oil quality are:

e  UV-VIS Spectroscopy

e  NIR Spectroscopy

e  Conical Laser Raman Spectroscopy
(CLRS)

2.1 UV-Vis Spectroscopy

UV-VIS Spectroscopy is used commonly
nowadays to monitor the change in various
parameters in transformer oil .The system used is
simple, robust and user-friendly methods compared
to conventional Dissolved Gas Analysis (DGA)
methods that require special expertise for testing.
In literature, numerous methods have been
described using UV-VIS Spectroscopy [12-13]. In
this paper, some of the common setup use for
spectroscopy is described.

In a method, the quality of inhibitors
present in transformer oil was studied using UV-
VIS Spectroscopy [14]. The organic chemical
compounds known to retard oxidation in insulating
oil are known as inhibitors [15]. There are various
inhibitor such as 1,2,3-Benzotriazol (BTA), 2,6-
ditertiarybutyl-para-cresol (DBPC), Nphenyl-1-
naphthylamine and methylated-BTA, 2-tert-butyl-
p-cresol (2-t-BPC), dibenzyl disulfide (DBDS), 2,
6-ditertiarybutyl phenol (DBP).Out of these DBPC
is the most universally accepted and desired
inhibitor material in transformer oil. These
inhibitors deplete over a period of time, which
results in a degradation in transformer oil quality.
Therefore, it becomes very necessary to timely
monitor these inhibitor contents with proper
sensing techniques.

Spectroscopy technique determined the
weight percentage of inhibitor in the transformer
oil. Different weights of Inhibitor content in oil was
studied using the spectrometer setup shown in
Figure 1.
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Figure 1: Block diagram of double beam
spectrometer [14]

Optical absorbance was studied using the above
setup. Using a rotating disc light was allowed to

pass through the sample slot and reference slot. The
ratio between the sample absorbance and reference
gave the absorbance for various samples tested. It
was found that the sample at 1403nm gave the best
absorbance, so a single wavelength source
photodetector was aimed to make the system low
cost and portable [14]. The system model designed
showed a correlation between %IC in transformer
oil and the peak absorbance wavelength.

In another work, the interfacial tension
(IFT) of insulating oil was studied using UV-VIS
spectroscopy [16]. IFT value is a marker for
products of degradation and soluble polar
contaminants [17]. These affect the physical and
electrical properties of transformer oil by reducing
the insulating properties. IFT value is determined
by the amount of force required to separate a planar
ring of platinum wire one centimetre through
water/oil interface as stated in ASTM D971
(Interfacial Tension of Oil against Water by the
Ring Method). The setup to calculate IFT value is a
mechanical process that requires many precautions
and standard procedures to be followed. As the
setup is highly sensitive, there are high chances of
mechanical errors. Instead of mechanical setup, the
optical procedure provides a powerful and non-
destructive technique for ITF measurement. A UV-
spectroscopy setup, as shown in Figure 2, was used
to measure the absorbance of 50 different samples
of transformer oil [16]. The method eliminates the
use of mirrors, making the system flexible and
compact. Light from the source is allowed to pass
through the oil sample, which is then collected by
an optical fibre as input to the spectrometer. The
light then interacts with the oil sample, due to the
presence of various contaminants some of the light
at particular wavelengths is absorbed by the oil
sample. The absorbance is calculated by the Beer-
Lambert Law.
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Figure 2: Experimental setup for UV-Vis
Spectroscopy [16].

The absorbance of oil samples for
different IFT was plotted and found that a
correlation was found that with increasing
absorbance, there is a decrease in IFT number.
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Artificial Neural Network (ANN) was
used to calculate the correlation between IFT of
transformer oil and its spectral response parameters
like bandwidth and peak absorbance. The
bandwidth and peak absorbance of oil spectral
response are extracted and provided to the
proposed ANN estimation model. The results show
that UV-VIS spectroscopy technique gave
comparable results when compared to commercial
ASTM D971 (Interfacial Tension of Qil against
Water by the Ring Method) standard. The UV-VIS
spectroscopy method is found to be accurate,
cheaper and user-friendly as compared to ASTM
D971 standard method.

UV-VIS Spectroscopy conducted gave
data about the physical condition of transformer oil
along with dissolved decay products generated in
the oil samples. However, no information could be
extracted about the functional groups and
molecular structure of the organic compounds in
the transformer oil. In this regard, Alshehawy et al.
used UV-VIS spectroscopy along with FTIR
spectroscopy  for condition assessment  of
transformer oil [18]. UV-VIS spectroscopy and
FTIR spectroscopy were compared by using aged
samples of oil. The UV-VIS spectroscopy covers a
wavelength range from 200nm to 800nm whereas
the FTIR spectroscopy extends the range from
2.5um to 25um. Mineral transformer oil consists of
a complex of paraffins, naphthenes and aromatic
hydrocarbon. Out of them, aromatic hydrocarbon
absorbs energy in the UV range from 200nm to
380nm. The peaks that appear in the spectrum were
resulted due to conjugated C=0 bond and C=C
d=bonds that show response at two different
wavelength values. The absorbance peaks shifted to
higher wavelengths with the ageing of the
transformer oil. Whereas, FTIR spectra are used to
identify the difference in the functional groups.

S. Karmakar et al. used UV-VIS
spectroscopy techniques to study the insulation
properties of transformer oil [19]. There are various
factors such as electric arcing, partial discharge
(PD), thermal ageing, which contribute to the
degradation of oil quality. In this method, they
studied the degradation due to PD, which were
marked by sharp peaks at nearly 293nm and
306nm.The schematic of the setup is shown in
Figure 3.

PD is generated in the setup using needle-
flat electrode. The magnitude of PD is varied
according to the supplied voltage. Four samples of
transformer oil were prepared namely S1,52,S3,S4
where S1 for new transformer o0il,S2 for
transformer oil aged by PD and S3 transformer oil
aged by electric arcing with 500 numbers of shots,
and S4 transformer oil aged by thermal effects by

heating new transformer oil at 120°C for 1h
respectively.
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Figure 3: The schematic diagram of the optical
absorption measurement in the UV-VIS
spectrometer [18].

The ageing of transformer oil increases the
aromatic content and acidity, which gives rise to
C=0 and C=C double bond. Due to ageing the
paraffin compounds of the transformer oil
dehydrogenate and result in the formation of
naphthenic compounds. Further, dehydrogenation
of the naphthenic compounds forms conjugated
C=C double bonds. These chemical processes also
result in colour change in the transformer oil. The
changes in the characteristic of the transformer oil
are depicted easily using the UV-VIS spectroscopy
method, which results to be an effective way of
monitoring the quality of oil with ageing.

The above literature studies of methods to
monitor transformer oil quality with ageing shows
a similar trend in the absorption spectrum where
typically in a wavelength range from 280nm to
400nm the absorption peak appears. So, designing
a setup with a far UV light source or targeting a
single source of light for studying the oil quality
may be taken into account to make the setup more
compact and low cost.

2.2 NIR Spectroscopy

NIR Spectroscopy has been implemented to study
the degradation of transformer oil. Borges et al.
proposed a method to analyze the chemical
degradation of mineral insulation oil [20]. A
prototype that adapts on Buchholz transformer
relay using the Near Infrared Spectroscopy with
chemometrics techniques is used to analyze light
gaseous hydrocarbons (methane, ethane, ethylene
and acetylene). The test was performed using 29
different samples and absorbance spectrum for all
these samples was studied. High-intensity
absorbance peak at 2300nm for all the samples
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showed the regularity in the response of the
samples. The magnitude of samples for different
concentration of gases is different, but the peak
wavelength remains almost the same. Therefore, an
intensity-based prototype can be designed that used
to monitor the gaseous contents in transformer oil.

In another method, Attenuated Total
Reflectance Tool (ATR) was used to detect the
effect of Thermal Oxidation and Nitration in the
deterioration of quality of transformer oil [21]. The
principle of ATR technique is shown in Figure 4.

Evanescent

Wave
\ $ um
Sample m contact with

evanescent wave
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To Detector

!\ >

Infrared ATR Crvstal

Beam

Figure 4: Principle of ATR technique [21]

The sample under test is placed on a
detection crystal and a part of IR ray causes
absorption in the sample when passing through the
crystal sample interface (evanescent wave) and
weakens this part in the resultant spectrum. A peak
intensity is shown in the NIR wavelengths where
the absorption is due to Thermal Oxidation and
Nitration.

2.3 Laser Raman Spectroscopy

Laser Raman Spectroscopy (LRS) is based on the
Raman Effect, which was discovered by C. V
Raman in 1928. The structures and properties of
matter can be estimated by directly measuring the
Raman scattering light produced by matter due to
irradiation. Photons of incident light are absorbed
by the electron in a gas molecule with hv, energy,
which is the Rayleigh scattering light without any
change in frequency. An energy of h(v, + Av) is
released by another part of the electrons that return
to the vibration excited state. This is the Raman
scattering light with the frequency change. The
transition is shown in Figure 5.

Energy
Virtual State
hv, h(vy +4v)
hv,
hv, h(vy —Av) Vibrational Excited Stage
E;
h Ground State
E, v
Stokes line  Rayleigh line  Anti — Stokes line

Figure 5: Raman scattering process

The change in frequency Av of the Raman
scattering is called Raman shift. The structural
information of the molecules can be predicted from
this Raman shift, which corresponds to the
fundamental frequency of the vibration mode of the
molecule. The gas concentration is proportional to
the peak intensity of the Raman spectrum. So,
without separating the mixture of gases we can get
the composition and concentration of the gas by
analyzing the Raman shift and peak intensity.

The intensity of the Raman scattering is
given by the formula

24 hI, N (vy —v)* , .
IR = 45 % 32 C4 v X [45 (aa)z +7 (Va)z]
uv (1 - e‘KT)
()

where ¢ is the speed of light, h is the Plank’s
constant,l_ is the excitation light intensity, N is the
number of molecules scattering light, v is the
vibration frequency of the molecule in Hz, vq is the
laser frequency in Hz, pu is the reduced mass of
vibration atom; K is the Boltzmann’s constant, T is
the absolute temperature, o, is the average
invariant of polarizability tensor, Y, is the
isotropic invariant of polarizability tensor.

Laser Raman Spectroscopy technique was
adapted to measure the dissolved C,H, gas
concentrations present in transformer oil [22]. As
shown in Figure 4, a frequency doubled Q-
switched Nd:YAG laser (532nm) was used as a
source and the signals were detected 1.972pm
originating from C,H, gas.

Spectrometer + CCD

Edge + notch filters

C2H:2 dissolved in oil

Half Wave plate

M Polarizer
’ M
Suralite (332 nm. IW, 10Hz)

/s

Figure 6: Schematic diagram of experimental
setup [22].

The intensity peaks were detected at 1450cm™.
These were due to CH3-CH; bonds, peaks at 1302
and 1350 cm™ correspond to paraffin C-H twisting
modes, peaks at 1610 cm™ is due to an aromatic
C=C stretching mode. The various peaks can be
selectively chosen to get a better response for any
particular component of bonds. The Raman
Spectroscopy opens new techniques, which are
very sensitive methods to detect changes in the
components of transformer oil.
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In practical applications, the sensitivity of
the current LRS detection method cannot meet the
required efficiency in engineering applications
[24]. To meet this requirement, Conical Laser
Raman Spectroscopy (CLRS) was adopted. The
setup of CLRS using a Raman probe, as shown in
Figure 7.

Incident light
Laser

Objective

Raman

Probe Quartz

Cuvette

Scutlcring\ cCch
Light

Spectrometer

Computer

Figure 7: Schematic of CLRS Experimental Setup
[25].

Gu et al. proposed a method for Conical
Laser Raman Spectroscopy (CLRS) detection
characteristic of acetone dissolved in transformer
oil [25]. The figure below shows the setup using a
532 nm solid-state laser along with a CCD based
spectrometer. A quartz cuvette was filled with
different oil samples, and the response was
analyzed for Raman peaks. Multiple Raman Peaks
were observed along the spectrum, out of which a
peak at 780 cm™ had the highest intensity for
acetone. Different samples of acetone dissolved in
transformer oil were studied at 780 cm™.This
process opened a new approach of using CLRS
method that is simpler and provides faster, non-
touch and non-destructive detection compared to
conventional methods.

Another compound in the transformer oil,
Furfural (Furan 2-carbaldehyde) that is regarded as
an important marker for the thermal and
mechanical degradation in oil-paper insulation can
be monitored using CLRS [25].

Raman peaks at five different wavelengths
at 1371, 1399, 1471, 1677 and 1699 cm™ were
detected for Furfural.

Conventional Raman enhancement
methods, such as Resonance Raman Spectroscopy
[26], Tip-Enhanced Raman Spectroscopy [27], and
Surface-Enhanced Raman  Spectroscopy [28]
appear to be inadequate for monitoring gases in
transformer oil. Compared to conventional methods
CLRS has high intensity and better efficiency.
CFLS also makes the system compact and accurate.

Raman Spectroscopy was applied to analyze many
other compounds in transformer oil like methyl
formate [29], Oil-paper insulation [30], and
methanol [31].

3. Conclusion

Even though DGA is one of the most popular
methods of transformer fault diagnostic but as it is
laboratory-based testing system that required a
certain amount of time for analysis, along with the
expertise of testing, Optical Spectroscopy methods
have taken the lead in overcoming these
difficulties. Due to high sensitivity and ability to
make a compact and low-cost detection system
using optical components, Spectroscopy techniques
are now more researched for application in
transformer fault analysis.
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