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Essential role of residual stress in fiber optic extrinsic
Fabry-Perot sensors for detecting the acoustic signals of

partial discharges
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The effects of residual stress on fiber optic extrinsic Fabry-Perot interferometric (EFPI) sensors for detecting the acoustic
signals of partial discharges (PDs) were investigated using the finite element method (FEM). Results indicate that the
residual stress in the vibrational membrane may change the natural frequency of the membrane, which would subsequently
cause the deviation in the designed performance of the EFPI sensor, including the responsive displacement of the
membrane, as well as the sensitivity and resolution of the sensor. According to the design, when the residual stress in the
membrane exists, the residual tensile stress makes the responsive sensitivity of the membrane for the EFPI sensor to be
increased by 0.017 nm/kPa/MPa (on average) and resolution to be decreased by 0.07 Pa/MPa, while the residual
compressive stress takes effectoppositely, as -0.008 nm/kPa/MPa and +0.085 Pa/MPa, respectively.
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1. Introduction

Partial discharge (PD) detection in the power
transformers is a crucial part for the power industry. The
occurrence of PDs within transformers implies an
insulation breakdown, which may lead to the large
personnel injury and property damage. For example, a
single transformer failure caused by PDs will result in at
least $10 million economic loss [1].

The use of electrical, chemical, and acoustic
measurements to detect PDs inside power transformers has
been extensively studied. However, the electrical method
is not suitable to be applied in the field for in-service
transformers due to the high level of electromagnetic
interference (EM1), and the chemical method exists a long
delay between the initiation of a PD source and the
appearance of the PD signal to be detectable. Furthermore,
in order to determine the exact location of a detected PD
source, which is also quite important for the practical
application in the PD study [2], both the electrical and
chemical methods seem impossible. In general, a PD leads
to a localized, nearly instantaneous release of energy, and
the ultrasonic waves are then produced and propagate in
the power transforms. Thus, an acoustic sensor can be

used to detect PDs and provides a better noise immunity
for the on-line PD detection [3, 4]. Furthermore, the
acoustic method can be effectively utilized to locate the
position of a PD source, as the phase delay or the
amplitude attenuation is caused during the propagating
procedure of the acoustic waves.

In general, one can use the piezoelectric acoustic
sensors to detect the PDs by fixing them externally on the
walls of a power transformer. However, two possible
disadvantages associated with an externally mounted
piezoelectric sensor should be considered. One is the
degeneration of the signal-to-noise ratio caused by the
environmental noises, e.g. EMI and corona effects. The
other is the difficulty in accurately positioning PDs
because of the multiple paths of acoustic wave
transmission [5]. Therefore, the sensors that can be put
inside a transformer and even deep within the transformer,
are urgently needed to pick up the clean PD-induced
acoustic signals. In the meanwhile, taking regard to the
safety and easy installation, these sensors have to be
chemically inert, electrically insulating, passive, and small
in size. For this purpose, optical fiber-based sensors
become ideal candidates for measuring a wide range of
chemical and physical parameters. They reveal a number
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of inherent advantages, e.g. high frequency response, high
sensitivity, light weight, small size, electrical insulation,
and immunity to EMI noise, all making the optical fiber
sensors an excellent choice for the PD detection. In recent
years, fiber optic extrinsic Fabry-Perot interferometric
(EFPI) sensors are widely employed for the acoustic signal
detection [6-9].
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Fig. 1. Schematic of a fiber optic EFPI sensor system

Fig. 1 shows the schematic of the whole fiber optic
EFPI sensor system. The system is composed of a
single-mode fiber (SMF), a superluminescent light
emitting diode (SLED) or LED, a fiber optic coupler, a
low-noise optical receiver (photodetector), and most
importantly, a sensor probe. In the system, a laser source
(wavelength of 1310 nm) is used as the light source, and
an optical signal is converted to an electrical signal by the
photodetector. The light is launched into the sensor
through the coupler, and the SMF is used to link the sensor
and the optical receiver, and the reflected light from the
sensor is transmitted back through the coupler to the
photodetector. The probe of PD sensors is based on the
Fabry—Perot interferometer that consists of a reflective
membrane and the end face of the SMF. The applied
pressure generated by the PDs causes a structural
deflection of the membrane, and thus the cavity length,
which can be detected by an appropriate optical
interrogation technique [10, 11].

As an important sensing element, the membrane plays
a key role in the performance of the fiber optic EFPI
sensors [12, 13]. However, the residual stress in the
membrane can be caused not only by the mismatch in the
coefficient of thermal expansion because the fabrication of
current fiber optic EFPI sensors usually involves several
materials, but also by the temperature-related fabrication
processes of the membrane, which is difficult to be totally
eliminated [14, 15]. In recent years, we have carried out a
large number of experimental tests on the residual stress in
the micromechanical thin films, resulting in the discovery
that both the residual tensile and compressive stresses in
the high-quality membranes should not be more than
400MPa for most cases [16].

In this paper, the effects of residual stress on the fiber
optic EFPI sensor, including the natural frequency and
responsive displacement of the membrane, and the
resolution and sensitivity of the final sensor, were

investigated using the finite element method (FEM) [17].
The results are useful for the design of a sensor system
capable of successfully monitoring the PD activities in
power transformers as well as otheracoustic events.

2. Results and discussions

Residual stress in the membrane can change the
stiffness of the membrane structure, which would
subsequently cause the deviation of its natural frequency.
In the meantime, the desired natural frequency of the
membrane, as a key performance parameter for the EFPI
sensor, depends on the frequency spectrum of the
ultrasonic wave generated by the PDs, and the change of it
may result in the variation of the responsive displacement
of the vibrational membrane, as well as the sensitivity and
resolution of the ultimately achieved EFPI sensor.

2.1. Natural frequency of the membrane

The determination of natural frequency of the
membrane depends on the frequency spectrum of the
ultrasonic wave generated by the PDs. Experimental and
theoretical analysis show that the ultrasonic frequency
spectrum energy of PDs is normally concentrated in the
range of 20-300 kHz. However, the noise frequency
distribution of the usual transformers is less than 65 kHz
and the absorption coefficient of the medium to the
ultrasonic wave is quadratically proportional to the
frequency, that is, the higher the frequency, the greater the
absorption coefficient, and thus the more powerful
attenuation of the ultrasonic wave in the procedure of
transmission. Therefore, the natural frequency of the
membrane is generally selected in the range of 70-180 kHz.
Normally, the membrane material is silicon or fused-silica
[18]. Silicon as a membrane material has a number of
advantages, including the relatively mature
micromachining technology, high fabrication accuracy,
easy to produce the insulating film, and with an abundant
natural resource. These advantages make silicon an
excellent candidate for the fiber optic EFPI sensor. In this
work, silicon membrane with the thickness of 100 um and
the diameter of 3 mm is adopted. FEM simulation with the
ANSYS software (ver. 14.5) shows that the natural
frequency of the membrane is around 169 kHz. For silicon,
the Young’s modulus is 163 GPa at 25'C, Poisson’s ratio is
0.22, coefficient of thermal expansion is 2.6x10°® /°C and
density is 2330 kg/m®.

The experimental results show that the mechanical
and thermal effects are the important factors to cause the
residual stress [19]. Because of the fabrication processing,
the residual stress is inevitably existing, yet still difficult to
be accurately determined both in theory and experimental
measurement. At present, there are two main methods to
load the residual stress in the membrane by the FEM in
ANSYS: the direct command method and the equivalent
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thermal stress method. However, the direct command
method requires a clear understanding of the existence of
residual stress, otherwise the model will deviate from the
actual situation greatly. The equivalent thermal stress
method is relatively simple and effective, which can be
expressed by

E
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where a is the equivalent thermal stress, E, 1 and « is the
elastic modulus, Poisson’s ratio, and coefficient of thermal
expansion of the membrane material, respectively, and AT
denotes the temperature change. Therefore, the thermal
stress can be effectively loaded with an easy way in the
simulation by introducing a temperature difference to
behave as the effective residual stress, ancd then, its effect
on the mechanical properties of the membranes can be
investigated. The same method was successfully employed
in our previous research [16], which will be also adopted
for designing the fiber optic EFPI sensor. In this paper, the
whole analysis procedure using ANSYS (\er. 14.5) mainly
includes the simulation of steady-state thermal, static
structural, modal and harmonic response, and there is only
one initial boundary condition used for all these analyses,
which means that the circumferential side of membrane is
fixed. The specific procedureis as follows:

First, the membrane was modeled in the

e

three-dimensional Cartesian coordinate system, and the
meshed elements of the membrane were generated by the
automatic method under the mechanical physics
preference, and the element quality and the element
number are 0.9 and 3612, respectively. Then, the heat flux
perpendicular to the membrane surface was applied to
generate the desired thermal stress by accurately setting
the overall temperature change. Finally, the membrane
went through the pre-stressed modal analysis to calculate
the natural frequency. For example, when the heat fluxand
AT were set to 100 W/m? and 100 °C, respectively, the
equivalent thermal stress and natural frequency was 190
MPa and 177 kHz, respectively, and the distribution of the
principal stress victor is shown in Fig. 2. According to our
previous research experience, both the residual tensile and
compressive stresses in the membranes with controlled
micromachining processes are mostly less than 400M Pa
[16]. As a result, in this paper, the residual tensile stress
and compressive stress within this range were discussed.
Consequently, in the simulation, the heat flux was still set
to 100 W/nm?, and the range of temperature change was
applied from -260 °C to 275 °C. The final results, as
shown in Fig. 3, reveal that the natural frequency is
linearly increased by about 0.044 kHz/MPa as the residual
tensile stress increasing and i linearly decreased by about
0.039 kHz/MPa with the increase of the residual
compressive stress.
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Fig. 2. The distribution of the principal stress victor with 4T=100 °C. The inset gives an enlarged view
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Fig. 3. The effects of residual stress on the natural

frequency of the membrane

2.2. Central deflection of the membrane

As we know, the deviation of natural frequency under
a certain residual stress will directly influence the central
deflection of the membrane. Though ultrasonic signals
generated by the PDs are mainly random and the spectrum
is difficult to predict, the frequency range of the ultrasonic
signal spectrum stays within the relatively assured range
and the main change lies in the peak frequency. Normally,
ultrasonic waves loaded on the membrane have the form
of intermittent vibration. In general, the larger the
discharge and the closer the distance to the PD source are,
the greater the sound pressure will be. However, at a
meter’s distance away, the root-mean-square sound
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pressure from a 10 C discharge is only 0.02 Pa due to
the serious attenuation of ultrasonic wave in the power
transformers [13, 20]. Nevertheless, the EFPI senor is
prone to suffer from a few kPa, even dozens of kPa sound
pressure, considering its operation in the transformer and
also the possible location very close to the PD source as
the arrangement of a large number of EFPI sensors is
feasible due to their small volume and low cost [19-20].
Therefore, in order to analyze the effects of residual stress
on the central deflection of the membrane, harmonic
analysis was performed for the frequency ranging from
120 to 210 kHz, which is mostly interested for the PD
detection, under a sinusoidal acoustic wave of p=9 kPa, 10
kPa, and 11 kPa, respectively [13]. The vibrating acoustic
waves were applied onto the surface of the membrane.
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Fig. 4. The central deflection of the membrane under a

sinusoidal acoustic wave of p=9 kPa, 10 kPa, and 11 kPa,

respectively. The residual tensile stress is positive, and
the residual compressive stress is negative

The results, as shown in Fig. 4, present that the central
deflection of the membrane y(p) is decreased by about
0.08 nm/MPa with the increasing of the residual
compressive stress and is increased by about 0.16 nm/MPa
as the residual tensile stress increasing. The central
deflection of the membrane is linearly increased with
respect to the applied pressure, especially when the
deflection is less than 25% of the membrane thickness
according to our simulation results. In such situations, the
residual stress does not affect the intrinsic relationship
between the central deflection of the membrane and the
applied pressure p.

2.3. Resolution andsensitivity of the EFPI sensor
When the EFPI sensor works, according to the

principle of the Fabry—Perot interferometer, the received
light intensity Ir can be expressed by

L=, R, +R, —2,/RR, cos(¢)
1+R,R, —2,/R,R, cos(¢)

@

where |y is the power of laser source, and ¢ is the round
trip phase shift of the light inside the air cavity, which can
be further described by

47nL
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where 1 is the wavelength of light source, n is the
refractive index of air (n=1), and L is the length of the air
cavity.

As a result, we can plot the detected light intensity
versus the cavity length L, as shown in Fig. 6, where
R;=0.04 is the reflectivity of the SMF’s end face, R,=0.9
is the reflectivity of the inner surface of the membrane,
and 4=1310 nm, and the initial intensity of the laser source
lp is assumed to 1.

e
e

0.88F i

0.86f

Normalized sensitivity

0 1 4

2]

2 3
Cavity length L (pm)

Fig. 5. The relationship between the normalized intensity
and cavity length

From the Fig. 5, the detected light intensity varies
periodically corresponds to the change of cavity length in
the period of A/2. It is due to the constructive and
destructive interference of the multiple reflected lights
inside the fiber. In general, the length between two
adjacent intensity peaks or the valleys of the interference
fringe is selected as the initial Fabry—Perot cavity length,
and the region between the adjacent peak and valley is
treated as the operating region which is /4 in length. In
this approximately linear region, the output signal V(p) of
the sensor is proportional to the ultrasonic pressure p,
expressed by

V(p)=S;ep O
where St is the total sensitivity of the sensor, given by
S; =S, Sy=aeGeRe§ e§, ®)

where « is the coupling coefficient of the light path (from
the light source to the sensor and from the sensor to the
receiver), G is for the optical fiber receiver, R is the
responsive sensitivity for the photodetector, Sy is the fringe
sensitivity given by the slope in the linear region, and Sy is
the responsive sensitivity of the membrane, expressed by
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According to Egs. (4) and (5), the deviation of the
membrane deflection caused by the residual stress will
ultimately result in the shift of the membrane’s responsive
sensitivity Sq, and as a result, the sensor’s total sensitivity
St. However, the absolute deflection of the membrane
depends on the level of discharges and the distance of the
EFPI sensorto the source.

Fig. 6 shows the relationship of the responsive
sensitivity Sy of the membrane versus residual stress, as
well as the slope of it. The responsive sensitivity of the
membrane is increased a bit more obviously (0.017
nm/kPa/MPa on average) as the residual tensile stress
increasing, and is decreased slowly (0.008 nm/kPa/MPa on
average) as theresidual compressive stress increasing.
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Fig. 6. The effect of residual stress on the responsive
sensitivity Sq of the membrane

Therefore, the total sensitivity St of the sensor can be
changed by

S; =aeGeReS (S, £AS)=Kk(S, £AS) (7)

where 4S is the change of the membrane’s responsive
sensitivity caused by the residual stress, and k is the
product of the responsive sensitivity of the other sensor
elements in the whole system.
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Fig. 7. The change of the sensor sensitivity versus residual
stress for different values of k
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Fig. 8. The membrane § normalized sensitivity and
resolution versus residual stress

In a word, residual stress in the membrane can cause
the deviation of the total sensitivity of the sensor. The
variation depends on the property of the residual stress and
the product of the other responsive sensitivity k, and the
greater the k, the greater the change of the total sensitivity
of the sensor, as shown in Fig. 7. However, the rate of
change versus residual stress is constant, as shown in
Fig. 9.

The resolution of the membrane is a primary factor in
determining the sensor’s resolution, which is defined by
the smallest displacement of the membrane that makes the
sensor give an obvious output, and the resolution of the
same membrane for the EFPI sensors with different
accessories may be different. Therefore, Fig. 8 only gives
the normalized membrane’s resolution versus residual
stress. In general, selecting the appropriate components for
the sensor system, the ultrasonic signals can be measured,
as long as the responsive displacement of the membrane is
greater than 1 nm, and the results show that the
membrane’s resolution is decreased by about 0.07 Pa/MPa
with the increase of the residual tensile stress and is
increased by about 0.085 Pa/MPa as the residual
compressive stress increasing.

3. Conclusions

The effects of residual stress in the membrane of the
fiber optic EFPI sensor for detecting the acoustic signals
of PDs are investigated using the finite element simulation.
The results show that the natural frequency of the
membrane is decreased linearly with the increase of the
residual compressive stress and is increased linearly as the
residual tensile stress increasing, resulting in the deviation
of the responsive displacement of the membrane, and
finally, the resolution and sensitivity of the sensor. The
excessive residual stress in the membrane will lead to
serious deviation of the designed parameters of the fiber
optic EFPI sensor. As a result, the residual stress of the
membrane is proposed to be under well control in order to
achieve the desired device performance before the
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assembly of the sensor. The results are useful for the
design of the sensor system that is capable of successfully
monitoring the PD activities in power transformers as well
as the other acoustic events.
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