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1. Introduction

Maintenance of high power equipment, such as gas
insulated substations (GIS), engines, cables and trans-
formers, is necessary for prolongation of their in-service
lifetime. A detailed knowledge of the state of the dielec-
tric isolation material is directly related to the degrada-
tion process of such high voltage apparatus. It has been
proven that partial discharges (PD) are a clear symptom
and cause of the degradation process. This enforces the
need for accurate detection of this phenomenon.

It is well known that PD generates ultrasonic pres-
sure waves, which can be used to detect the intensity
and location of the partial discharges. These waves prop-
agate through the dielectric material, typically composed
of mineral oil, and are incident on the walls of the trans-
former. Also it has been shown that the acoustic fre-
quency range associated with PD’s is between 20 to
300 kHz [1]. This acoustic phenomenon has been stud-
ied through the detection of the signals by piezoelectric
sensors (PZT) located externally to the transformer and

in contact with the outer walls. However, the signals
detected in the outer walls are weak and the signals re-
flected in the transformer will also mask the external
measurement of the straight path.

The measurements within the transformer based on
fibre optic technology are of great interest [2]. Current-
ly, several interferometric fibre optic sensors have been
proposed as an alternative to PZT sensors. They have
become the best option for greatly increasing the sensi-
tivity to acoustic signals, this is mainly due to the fact
that the sensor can be placed within the transformer.

Interferometric configurations are used because they
have high levels of sensitivity. Many proposals of fibre
optic PD detection and location are based on Mach-
Zehnder interferometers with a coiled optical fibre that
is used as an intrinsic sensor of the acoustic waves
[2–5]. The main advantage associated with this approach
is that the sensitivity of the sensing head can be en-
hanced increasing the length of the coiled optical fibre.
An extrinsic Fabry-Perot is also proposed for PD de-
tection [6] because of the reduced dimensions of the
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The detection of acoustic partial discharge (PD) signals produced in power transformers are reported.
Detection is based on optic phase changes in an intrinsic Mach-Zehnder fibre optic interferometric
sensor of high sensitivity. The sensor can be placed within transformers and is suitable for the detection
of weak acoustic signals associated with the PD. The calibration of the interferometric fibre optic acoustic
sensor at typical frequencies displayed by PD is presents. Interferometric multi-fringe outputs are used
for high precision measurements during calibration. The demodulation of such signals is presented for
obtaining the optical phase read-out. Partial discharges are generated in laboratory conditions and they
are detected using the fibre optic sensor immersed in mineral oil.



58 “Îïòè÷åñêèé æóðíàë”, òîì 74, ¹ 2, 2007

sensing head. However, in this case the sensitivity is
limited compared with the interferometric intrinsic sens-
ing using optical fibre.

Previously gained experience in intrinsic interfero-
metric sensing for transformers applications has led to
the design and construction of a fibre optic sensor for
PD measurements [7, 8]. Our results are within the
framework of Future project, in collaboration with the
Spanish electric power company Unión Fenosa S.A. The
objective of the project is the study and monitoring of
the lifetime and degradation of power transformers,
where the detection of partial discharges is highlight-
ed. It also includes the installation of several fibre optic
sensing heads within two power transformers and on-
site measurements of mechanical vibrations. The in-
stalled fibre optic coils inside the real transformers are
expected to be also used for the detection of PD, since
both phenomena are clearly of different frequencies,
thus their discrimination is possible.

In this paper, we present a fibre optic interferomet-
ric sensor for acoustic detection of partial discharges.
Using an ultrasonic generation system and multi-fringe
interferometric outputs, we have been able of calibrate
the sensor at different pressure values. The paper is or-
ganized as follows. Section 2 is devoted to the experi-
mental set-up for PD detection in a laboratory environ-
ment and the fibre optic interferometric system used
for this purpose. This is followed by Section 3 where
the generation of controlled PDs in mineral oil is pre-
sented for experimental tests similar to the real condi-
tions of operation within transformers. In Section 4 re-
sults obtained from interferometric measurements are
presented. The demodulation of the multi-fringe output
is described for calibrated measurements of the pres-
sure applied with an ultrasound generator. Calibration

of the system is performed with this source. The results
of partial discharges detected with the sensor in trans-
former oil are presented and discussed in Section 5. This
paper finishes with conclusions in Section 6, where in-
dications of future work are also included.

2. Characteristics of the interferometric
fibre optic sensor

The fibre optic interferometric system implemented
is based on a Mach-Zehnder interferometer. The opti-
cal fibres used in both propagation paths are single-
mode to the optical wavelength used (633 nm). The
transduction of the acoustic stimulus on the fibre optic
sensing arm is made through changes in the optical
phase which are proportional to the pressure changes
on the fibre. The experimental set-up employed for char-
acterization is presented in Fig. 1.

Both arms are composed of the same length of opti-
cal fibre, constructed using two identical fibre coils,
this prevents errors due to optical path differences. The
coil of the sensing arm of the interferometer is sub-
merged in transformer oil (Fig. 1). This oil is then ex-
posed to perturbations caused by partial discharge
acoustic waves. The other arm of the interferometer is
isolated from the impact of the acoustic wave and is
used as the reference optical path (Fig. 1). The coher-
ent light source used is a He-Ne laser which operates at
wavelengths located in the visible range (633 nm), this
source also facilitates the alignment of the optical ar-
rangement. A photo-detector with transimpedance am-
plifier is used for detecting the interferometric signals.

In this interferometric system, where the optic fibre
is the sensing part, a specific design of the fibre coil is
required. The principal requisites concern the sensitiv-
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Fig. 1. Experimental set-up for the detection of partial discharges generated in laboratory conditions: Mach-Zehnder
interferometer configuration and detail of the fibre optic sensor coil within transformer oil.
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ity and the acoustic frequency spectrum to be detected.
Real power transformers demonstrate major acoustic noise
between 40 and 60 kHz (core noise) [1], thus in order
to avoid these effects, sensors with frequency response
out of this range are required. Acoustic sensors within
the range of 100 to 300 kHz, or detecting in a bandwidth
bellow 40 kHz are suitable for PD detection [9].

An inverse relation of the pressure with the distance
(1/D) is assumed as a good approximation of the acous-
tic propagation. Therefore, a resolution up to 0,2 Pa
at 1m distances is necessary for detecting the discharg-
es in a real transformer, which reach at least tens to
hundreds of pC [10]. Pressures in the range from
0,2–10 000 Pa are expected [10]. In order to define the
sensitivity of the fibre optic sensing coil we have taken
single-mode optical fibre with a core diameter of 4µm
and approximately 8 m in length forming a single-layer
fibre sensor with a diameter of 25 mm. With a theoret-
ical sensitivity of about 40 μrad m–1 Pa–1 [11] this sen-
sor leads to an optical phase shift above 2π rad from
discharges of 10 000 pC at a distance of 1 cm.

The interferometric optical intensity is converted into
an electrical signal with a photo-diode focused on the
central ring of the interference pattern (Fig. 1). Thus,
the perturbations due to partial discharges vary the elec-
trical signal on the detector with the cosine transfer func-
tion between the interferometric output and the optical
phase. In order to recover the optical phase from the
interferometric output signal, a demodulation process
is needed.

3. Electrical generation of partial discharges

A partial discharge is a localized electrical discharge,
which appears in the form of electrical pulses and par-
tially short-circuits the dielectric material between the
high voltage electrodes. In order to implement a physi-
cal system to produce electric discharges, the behav-
iour of these discharges should be known when are gen-
erated in a dielectric material under the influence of
high alternate voltage. The dielectric equivalent circuit
is presented in Fig. 2a.

As a good approach, in the ideal case only one gas-
eous cavity is present in the dielectric material (Fig. 2a),
such a cavity can be represented by an air capacitor
(Cc). It is assumed that the remainder of the common
section in the dielectric column can be represented by
an ideal capacitor (Cb), which is in series with the air
capacitor. The rest of the dielectric material can be rep-
resented by an ideal capacitor (Ca) which is between
both electrodes and under voltage. When the circuit is
placed under AC voltage excitation, a discharge will
occur in the cavity. Cc will charge until the breakdown
voltage is achieved in the cavity; at this time the dis-
charge will be produced.

This situation has been reproduced in Fig. 2b with a
real electrode system to simulate a real partial discharge
generator in the Mach-Zehnder fibre optic interferom-
eter set-up shown in Fig. 1 within the oil. Its construc-
tion involves two metal plates, which form the elec-
trodes, and a paper based dielectric material, of 0,15 mm
thickness. This system maintains internal gaseous cav-
ities that are required for simulation of the real behav-
iour of a partial discharge which in transformers are
formed within a cavity which is composed of transform-
er oil and is under constant degradation.

4. Calibration of the fibre optic sensor with
ultrasonic pressure waves

In order to perform calibrated measurements, it is
useful to obtain an optical phase change above 2π rad.
Thus, the intensity output involves a cosine evolution
in which more than one period of the interferometric
signal is observed (multi-fringe interferometric output).
For this case, the dynamic change of the phase is ob-
tained independently of the conditions of initial phase,
low-frequency drift or visibility changes. The referenc-
es of the intensity for the optical phase read-out are
available every time.

The performance of the implemented fibre optic
system was tested with ultrasonic harmonic signals. An
air-acoustic ultrasonic transducer was used to create
controlled acoustic waves at a frequency of 28 kHz.
Ultrasonic detectors matched at those frequencies have
been used as a reference of the pressure at a distance
from the source. The selected frequencies are in the
range used for PD detection in transformers and the
ultrasonic transducers used in this experiment are suit-
able for the study of PD in a laboratory environment.

The ultrasonic transmitter is placed in front of the
fibre optic coil at a distance of 20 cm. A sinusoidal wave
of 28 kHz is applied to excite the acoustic transducer.
For a precise calibration, a multi-fringe dynamic re-
sponse is forced to the amplitude of the applied acous-
tic pressure. The results of this calibration are shown in

Cc

Ca
Cb

Vc

Va Dielectric

Ground electrode

High voltage
electrode

Fig. 2. Generation of a partial discharge. (a) Equiva-
lent circuit of the dielectric, where the partial discharg-
es are generated. (b) Electrode system composed of
two metals plates and a dielectric of cellulose.
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Fig. 3a, where the excitation signal applied to the emit-
ter and the interferometric response are represented. The
measurements with the fibre optic interferometer show
the cosine response of several periods (optical phase
change above 2π rad) for each excitation signal semi-
period (Fig. 3a).

With this multi-fringe output for the amplitude of the
stimulus, a successfully arccosine processing [7] can be
used as follows: The amount of times the signal passes
through zero is counted. This gives the result for the
multiples of π rad of the displacement of the signal, to
which the resolution is λ/2 (half a fringe). The remain-
ing of the signal into the range of half a fringe (optical
phase up to π rad) can be measured using fractions with-
in π radians and the arccosine function. Notice that the
direction of the fringe displacement has to be detected in
order to complete the demodulation, but in this system,
it is easily achieved through the synchronism with the
excitation signal used as a reference for the calibration.
Figure 3b and 3c show the multi-fringe interferometric
output for two different amplitudes of the applied pres-

sure (22 and 49 Pa). The correspondent optical phase
obtained for each case with this demodulation approach
is also presented in units of a fringe (2π rad).

A static curve of calibration with different values of
applied pressure has also been done. A linear response is
observed between the optical phase shift and the increase
of the acoustic pressure, as it is expected. This character-
istic is presented in Fig. 3d. With 8 m of length coil of
bare fibre and at a distance of 20 cm from the ultrasonic
source, a sensitivity of about 0,5 rad/Pa has been found.

An example of the frequency response is presented
in fig. 4b, which shows the spectral signals after de-
modulation (C) and onto the photo-detector (D). As can
be seen, the bandwidth used by the multi-fringe inter-
ferometric output is about 400 kHz and the optical phase
read-out has a main frequency about 20 kHz. Since the
modulation index is above 4 fringes each semi-period
of the excitation (see optical phase of Fig. 4a that is
linear with the excitation), an interferometric response
centred around 160 kHz is obtained with main frequen-
cies up to 300 kHz (Fig. 4b).
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Fig. 3. Experimental results of the calibration tests with ultrasonic waves of 28 kHz. (a) Excitation and sensor response
as a calibrated multi-fringe interferometric output. (b) Calibrated optical phase read-out with a pressure of 22 Pa. (c)
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5. Partial discharges measurements

We have generated electrical discharges, through the
electrode system previously presented, and the acous-
tic pressure waves associated with these discharges have
been detected by the fibre optic sensor coil placed in-
side mineral oil, following the scheme of Fig. 1.

In this case, a small signal of optical phase has been
obtained in a range up to π rad. If the intensity is mod-
ulated around a quasi-static optical phase of π/2 rad
(quadrature operation), there is a quasi-linear response
of the intensity to the optical phase. Therefore, the in-
tensity onto the photo-detector can be used as the sen-
sor read-out. However, an arc cosine [7] processing of
the optical phase is possible if the references of the trans-
fer function are known. After the acquisition and con-
ditioning of the interferometric signal, a normalization
process is carried out on the information of the maxi-
mum, minimum and mean intensity values obtained

from a previous calibration. Arc cosine processing will
be applied to obtain the values of the optical phase [7],
directly related to the strain onto the optical fibre, and
the acoustic pressure detected [3, 11].

The detected interferometric signal clearly presents
a typical acoustic pattern that is attenuated with time.
The phase shift obtained is presented in Fig. 5a, after
the arc cosine demodulation process. The optical phase
shift is in the range of 2 rad peak to peak, this repre-
sents a theoretical pressure of 3530 Pa [8, 12]. Neither
pressure gradient onto the fibre length, nor influence of
the coating due to damping is considered.

Experimental measurements with the calibration set-
up have shown a sensitivity of the fibre sensor about
0,5 rad/Pa at a distance of 20 cm (Fig. 3d). Assuming
that the attenuation of the acoustic signal is inversely
proportional to the distance from the sensor (1/D), the
detected optical phase (Fig. 5a) represents about 160 Pa
at 0,5 cm from the PD source. It is approximately one
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order of magnitude less than the theoretical calculation
[8] as is stated when the fibre coating is considered [12].
The spectrum of the interferometric output signal, gen-
erated using the FFT algorithm, shows frequency com-
ponents close to 20 kHz (Fig. 5b), that are in good agree-
ment with the selected frequencies of the calibration
tests. However there is a difference between these fre-
quency values and those presented with a Fabry-Perot
fibre sensor [6], which is 120 kHz. This difference is
due to the large frequency range, between 20–300 kHz,
associated with PD detection [1].

In order to cover all the frequency range of PD with
the fibre sensing coil, it should ideally have a diameter
less than 5 mm. Considering the speed of sound in oil
as 1400 m/s and the spectrum range up to 100 or
300 kHz, the acoustic wavelengths will be up to 14 and
5 mm. This implementation can be obtained employ-
ing bend-insensitive fibres.

6. Conclusions and future work

This paper has presented the results that have been
obtained using a fibre optic interferometric sensor for
the detection of partial discharges. The measurements
were performed using the optical fibre as an optical
phase based intrinsic sensor of the acoustic pressure.
From the experimental results it is shown that this work
can be applied to the detection of partial discharges in
oil transformers. A clear signal of about 20 kHz has been
obtained, which is in accordance with results from oth-
er authors using fibre optic sensors [2–5]. The interfer-
ometric sensor was calibrated using an ultrasonic trans-
mitter; here a multi-fringe interferometric output signal
was obtained. These calibrations have allowed verifi-
cation with the acoustic signals of low ultrasonic fre-
quency produced by partial discharges.

Future work is with obtaining the maximum band-
width that can be reached with mandrel fibre coils of
lower-dimensions. First, the use of the sensor in a range
of frequencies about 150 kHz will be performed in order
to compare the signals obtained at different frequencies
associated to the partial discharges and compared with
the typical bandwidth of PZT sensors outside the trans-
former. Frequencies up to 1 MHz will also be explored,
even with ultrasonic signals not associated to PD.
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