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Transformer Oil Ageing Detection using
Mach—Zender Interferometry Configuration as a
Sensor
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Abstract: Paper In this paper, the fabrication and
characterisation of an optical fibre sensor for transformer oil
ageing detection are presented. Bare fibre is used in the
Mach-Zender interferometry (MZI) configuration as a sensing
arm. Hydrofluoric acid (30%) and a power meter are used in
sensor fabrication. The MZI sensor is affected by the changes of
the refractive index (RI) of the transformer oil. The sensor
operates according to different output power levels at the receiving
end of the optical sensor. Results agree with the AC breakdown
voltage test and oil absorption spectrum test. This work
contributes to the improvement of transformer oil monitoring
systems by ensuring the availability of oil information and
protecting such systems from damage.

Keywords Transformer oil, Ageing measurement,
Mach-Zender interferometry, Bare fibre, Chemical etching

I. INTRODUCTION

Power system networks consist of three main parts

namely, generation, transmission and distribution. Each of
this part involves the use of high voltage equipment, such as
power transformers, circuit breakers, bus bars and instrument
transformers. Power transformer is a vital equipment in power
system networks i.e. in the transmission and distribution
sectors. Ensuring system reliability requires a stable operation
for power transformers [1]. The insulation of transformers is
typically insulating oil and paper, whereas transformer oils
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function as an insulator and a coolant. These oils are exposed
to deterioration due to different factors, such as electrical and
thermal stresses [2]. Contamination, excessive temperature
and oxidation are the principal sources of oil degradation [3].

The ageing and degradation of oils increase the risk of
catastrophic losses for transformers. Various tests are carried
out to check the quality of transformer oils, and they include
tests of viscosity, turbidity, moisture, breakdown voltage,
acidity, etc. [4] [5]. Such tests are conducted by taking a
sample from a transformer and sending it to laboratories to
generate results that could aid in decision making. The
breakdown test is the main test used to identify the level of
quality and ageing of transformer oils. This type of test is
affected by moisture, acidity and conducting material of the
oil; its results are equivalent to oil quality [6].

In recent years, optical fibre sensors have been widely
utilised in various fields, including environmental, chemical,
biological and food industries, because of their unique
properties, such as immunity to electromagnetic interference,
good sensitivity, light weight and compact size. The quality of
oils has been measured by different authors on the basis of
different techniques, such as fibre Bragg gratings (FBG) [7],
UV-visible spectrophotometry [8], Mach-Zender
interferometry (MZI) [9], surface plasmon resonance [10] and
NIR method [11] [12].

Since the last decade, an increase focus has been directed
toward intensity modulation sensors. In reference [13], the
water content of the transformer oil was measured by using a
bare and bent multimode fibre as an optical sensor. The author
explained how the output power intensity changes due to
variations in the refractive index (RI) of transformer oils.
Laskar et al. [14] presented a bare fibre for the real-time
moisture measurement of transformer oils. The author used a
polymer optical fibre sensor on the basis of the changing
intensity of output power. A novel FBG-based
intensity-modulated optical fibre sensor for partial discharge
is presented in reference [15], this sensor can detect partial
discharge from the high-frequency acoustic waves emitted
from it.

Fibre optic interferometry configurations come in four
types, namely, Fabry—Perot, Mach—Zender, Michelson and
Sagnac. Given the design simplicity, flexibility and high
sensitivity of MZI [16] [17], the MZI configuration is widely
used in different sensing applications as a sensor, particularly
in the form of a temperature sensor [18], RI sensor [19] and
strain sensor [20].
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The MZI configuration consists of two arms, that is, a
sensing arm and a reference arm, as shown in Fig. 1. The input
light is divided into two arms by using an optical coupler, and
another coupler is used for light recombination. The reference
arm is not exposed to variations, whereas it is vice versa for
the sensing arm. The propagated light in the optical fibre
suffers from leaks as an evanescent field waves when cladding
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is removed; these properties increase the sensitivity of optical
sensors to the surrounding media [21].
Fig. 1. Block diagram of MZI

In this paper, tapered fibres are used as a sensing arm in the
MZI configuration to detect the ageing of transformer oils on
the basis of the changing RI. This type of fibre is tapered using
hydrofluoric acid (HF, 30%) in accordance with the chemical
etching method. The results are compared with those of a
standard AC breakdown voltage test and oil absorption test
for validation.

1. PRINCIPLES OF TAPERED OPTICAL FIBRE
SENSOR

Light signals are propagated in the optical fibre wave guide
in accordance with the theory of total internal reflection. The
reflections are due to the differences between the RI of the
core and the cladding of the optical fibre. When the cladding
is tapered by reducing its diameter, light penetrates the fibre
wall as an evanescent field. The evanescent field is affected
by the surrounding medium. The surrounding medium is
transformer oil, which functions as a new cladding. Tapering
the fibre changes two parameters, namely, the number of light
reflections and the incident angle. The reflection is increased
when the incident angle reaches the critical angle (¢c). The
sensitivity of the optical fibre is affected by the changes in the
tapered ratio (TR), as in reference [22].

P

TR =— 1)
Py
Where TR is the tapered ratio, P is the waist in um and Pq is

the core radius in um. Factors such as core RI, cladding RI
and external RI affect the light propagated inside fibres. The
evanescent field extends from the core cladding interface to
the penetration depth dp, as shown in Fig. 2. The value of dp
is derived using Equation (2).

2myn;sin® @ —nZ, @)

O is the incident angle, 1 is the wavelength, 1, is the

cladding refractive index and 1, is the external refractive

index (RI of the transformer oil).
As shown in Fig. 2, the value of dp is small and cannot
reach the surrounding medium. Thus, the tapering technique
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is used to allow evanescent fields to penetrate the surrounding
medium. In this study, the surrounding medium is transformer
oil, and the fibre is tapered using HF as an etchant solution in
accordance with the chemical etching method.
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Fig. 2. Cross section of the sensing arm

I1l. EXPERIMENTAL PROCEDURE AND
MEASUREMENT

A. Sensor fabrication

This The fabrication of a bare optical fibre sensor is
implemented by chemical etching using 30% HF. A
Plexiglass piece (100 mm x50 mm x10 mm) is used as an
etching reactor. The depth of the etching chamber is 5 mm.
The Plexiglas material is lightweight and corrosion resistant.
The setup for etching process is shown in Fig. 3.
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acid fiber  reactor
(]
-
Light source Power meter

Fig. 3. Schematic diagram of setup for etching process.

The type of fibre used in this experiment is multimode fibre
MMF 50/125 pm core/cladding diameter multimode fibre,
and the bare length is 8 cm. The cladding is removed from the
optical fibre under 60 min of etching. Throughout the etching
process, the sending end of the optical fibre is connected to a
(10 mW, 650 nm) laser light source, whereas the receiving
end is connected to a power meter (NESTONG T1102). The
etching is monitored and controlled on the basis of the light
power (NW) measured at the receiving end. The etching is
stopped when the output power is approximately 35% of the
total initial power before etching; the removal of the MMF
cladding lasts approximately 60 minutes. The characteristics
of the output power during etching are shown in Fig. 4. In this
figure, the no evanescent field region is starting from (0-24)
minute. At this time of etching process, the cladding is not
affected by HF, so no evanescent field propagate to fibre wall.
The weak evanescent region is started from (24-40) minute.
The light starts to propagate to the fibre wall because the fibre
cladding is reduced by the effect of HF. At the strong
evanescent field (40-60) minute, the HF reached to the core of
fibre that is made by glass, so more of lights is propagated to
the fibre wall because the core (glass) is highly affected by the
HF than cladding.
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At the last stage of etching process, a distilled water is used
to wash the fibre from the HF. At this point, the etching
process is stopped, and the output power is stable.
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Fig. 4. Optical output power vs. etching time using 30% HF
solution.

B. Experimental setup and preparation of transformer
oil sample

The bare optical fibre functions as the sensing arm of the
MZI configuration. The schematic of the experimental setup
using the MZI configuration is shown in Fig. 5 and Table 1
shows the details for each label in the figure. As shown in this
figure, the first optical coupler splits the light into two parts
(i.e., sensing arm and reference arm). The sensing arm is
immersed in transformer oil, whilst the reference arm is not.
The second optical coupler then collects the light and sends it
to the power meter at the receiving end of the MZI
configuration.

In this study, five samples of mineral oil (Libra) are used.
S1is fresh oil used as a reference, and S2, S3, S4 and S5 are
different samples of aged oil prepared by thermal accelerated
ageing. In the accelerated ageing process, four types of metal
substances (Cu, Fe, Zn and Al) are added into fresh oil
according to reference [23]. The resulting mixture is then
placed in an oven at 120 °C for different ageing times. The
heat inside the oven increases the ageing rate, as shown in
Equations (3), (4) and (5) [24] [25]. If the temperature
increases to 7 °C, then the rate of degradation is doubled. The
normal operating temperature of transformer oil is 60 °C.
Hence, one day of laboratory ageing (inside an oven) is
equivalent to a year in the field [1]. Table 2 shows the
description of the samples for different ageing times and
metal substances.

Ty —60

£ 3)

_ |
_Ir_ti;}':g

Where ¢ is the equivalent time of ageing, f; is the aging

period and T is the accelerated aging temperature.
120 *C — 60 *C
Aging accelerating factor = — = = 837 (4

Time factor = 2%% = 380 days (5)
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Fig. 5. Schematic of the experimental setup.

Table- I: Details of the test setup

Label Description

1 Light source, Santec WSL-100, 1550 nm

2 MMF, Core/cladding diameter: 50.0/125 pum
RI, Core/cladding: 1.500/1.485

3,5 | coupler (1, 2): 50/50 %

Reference arm, MMF
Optical power meter, ILX Light wave (OMM-6810B)
Holder

Transformer oil level

©| | Nl o &

Sensing arm
10 Tank
1 Tapered fiber

Table- I1: Description of samples

Equivalent

sample name Time of dura}tions in Metal

aging fields substance
(Days/Years)

Sample S1 0 hour 0/0 0g/l
Sample S2 48 hours 2/2 Cu=25¢/l
Sample S3 96 hours 4/4 Fe=2.5g/l
Sample S$4 144 hours 6/6 Zn=0.5g/l
Sample S5 192 hours 8/8 Al=0.5g/l

C. Results and discussion

Measuring RI depends on the speed of light inside
transformer oils. Oil contamination decreases the speed of
light propagating inside transformer oils. Figure 6 illustrates
the RI of the transformer oil samples measured at 24 °C using
a digital refractometer (DR102). The RI of this device ranges
from 1.3330 to 1.5177. As shown in Fig. 6, the RI of fresh oil
is 1.4611, while that of aged oil is 1.4722. Hence, as the time
of ageing increases, the RI increases.

A breakdown voltage test is conducted on the five samples
according to the standard ASTM D1816-84a [26]. The high
ageing transformer oil has low breakdown voltage and high
RI; the opposite is true for the low ageing samples.
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The moisture and chemical decomposition of the
conducting material increase due to the temperature and
ageing process. As such, the internal characteristics of the
transformer oil changes, thereby reducing the quality of the
oil and the value of the breakdown voltage. Fig. 7 illustrates
the characteristics of the RI and breakdown versus time of
ageing.
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Fig. 6. Refractive index of oil samples at 24 °C.
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Figure 7: Refractive index and breakdown vs. time of ageing

A laser Santec WSL-100 light source projects light to the
sending end of the MZI configuration. The light is divided
into two parts by the first optical coupler 50/50%. This
coupler sends the light to the sensing and reference arms. The
sensing arm is a tapered MMF fibre immersed in transformer
oil, as shown in Figure 5. The second coupler functions as a
summation device that collects the light from the reference
and sensing arms and then sends the light to the receiving end
of the MZI configuration. At the receiving end, the power
intensity of the light is measured by using an ILX light wave
power meter. Fig. 8 illustrates the characteristics of the output
power of the MZI sensor and the value of the breakdown
voltage for all samples.

The RI of the transformer oil changes because of different
thermal ageing times. A low-quality transformer oil has a high
RI1, whereas a high-quality transformer oil has a low RI. At the
sensing arm of the MZI configuration, the light leaks out to
the surrounding medium (i.e., transformer oil) as the
evanescent field. The quantity of the light that leaks out
depends on the RI of the transformer oil. Thus, we obtain at
the receiving end a high output power for a low-quality
transformer oil and a low output power for fresh oil.

The absorption spectrum signal of the transformer oil is
measured from 355 nm to 405 nm by using a UV-visible
spectrophotometer (SHIMADZU, UV-1800), as shown in
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Fig. 9. In this figure, the low-quality transformer oil has a
higher absorption spectrum than the high-quality oil does.
The characteristics of the absorption spectrum differ for
various oil samples because the physical properties of
transformer oils are different and depend on the thermal
ageing time.

From above, it seems the correlation is clear between the
oil breakdown test, refractive index and absorption spectrum
test. When the oil is degrade, the value of breakdown voltage
will decrease and at the same time the RI increases. On the
other hand, the oil absorption spectrum will be increased. So,
the MZI sensor can detect the ageing of transformer oil based
on different output power.
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Fig. 8. Characteristics of output power and breakdown
voltage.
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Fig. 9 Absorption spectrum signal of transformer oil
samples

IV. CONCLUSION

A fibre optic sensor based on MZI configuration was
developed with a bare fibre as the sensing arm of the sensor.
The fibre cladding was removed by chemical etching using
HF as an etchant. The sensor was affected by the RI of the
transformer oils. Moreover, it could detect the ageing of
transformer oils on the basis of the changes in its RI. As a
result, the output power of the MZI sensor was affected by the
quality of the transformer oil (i.e., transformer oil RI).
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The results showed that the output power is in line with the
breakdown voltage test. The sensor output has correlation
with the oil absorption spectrum test. This study is important
in improving the online monitoring of high voltage
transformers as it provides early information about the quality
of transformer oils and thus increases the reliability of power
system networks.
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