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Abstract

In response to the key issues of complex internal structure, significant attenuation of par-
tial discharge (PD) ultrasound signal propagation, and low sensor sensitivity in large oil-
immersed power transformers, this paper analyzes the multi-order resonant mode vibra-
tion characteristics of the shaft-type fiber optic ultrasound sensor core structure. The dis-
placement distribution patterns of the core structure in both transverse and longitudinal
resonant modes are clarified. A strategy using oblique fiber winding rings is proposed to
eliminate the problems of strain cancellation and non-accumulation of displacement in
transverse and longitudinal resonant modes, which are common in traditional fiber optic
ultrasound sensors with parallel fiber windings. Furthermore, design principles are pro-
vided to enhance the coverage of the free end and the high—strain regions with semi-high
symmetry, as well as the vector-integrated response suitable for multi-order modes. Ex-
perimental results show that, in typical PD model detection, the oblique winding sensor
exhibits a more prominent response near the high—order resonances of the core, with a
detection sensitivity approximately 2.5 times higher than that of the parallel winding
structure, and an overall sensitivity at least 7.4 times greater than that of traditional Pie-
zoelectric (PZT) sensors. This demonstrates that the fiber winding method is a key design
parameter determining the acoustic-solid coupling efficiency and high sensitivity perfor-
mance of shaft-type fiber optic interferometric PD sensors, providing a feasible path for
high-reliability fiber optic sensing solutions for online monitoring of transformer partial
discharges.

Keywords: partial discharge; acoustic emission; Sagnac interferometer; resonant modes

1. Introduction

Partial discharge (PD) detection is an important technique for assessing the insula-
tion condition of large oil-immersed power transformers. Effective detection of early in-
sulation defects caused by PD can help avoid catastrophic insulation failures [1-3].
Among various PD detection methods, ultrasound-based detection technology has be-
come a key direction in both engineering applications and theoretical research due to its
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advantages, including strong immunity to environmental electromagnetic interference,
suitability for real-time online monitoring, and high accuracy in PD source localization
[4,5]. However, the internal structure of large oil-immersed power transformers is com-
plex, and the PD ultrasound signals suffer from significant attenuation during propaga-
tion [6]. Therefore, improving the detection sensitivity of PD acoustic emission sensors
has become one of the key issues in related research. For PD ultrasound signal detection
inside transformers, commonly used ultrasonic sensors include piezoelectric ceramic ul-
trasound sensors (electrical type) and fiber optic ultrasound sensors (optical type). Piezo-
electric (PZT) ceramic sensors are widely used due to their simple structure and high com-
mercialization, but their detection sensitivity is limited, and their structural form is rela-
tively fixed, making further optimization to improve detection performance difficult. Ad-
ditionally, PZT sensors rely on electrical signal transmission, which gives them poor elec-
tromagnetic interference resistance and makes it difficult to capture weak internal PD ul-
trasound signals when installed on the outer wall of the transformer oil tank [7-10]. In
contrast, fiber optic ultrasound sensors have significant advantages in terms of detection
sensitivity, electromagnetic interference resistance, and structural design optimization,
making them a hot topic in current research. Many in-depth studies have been carried out
on the design and application of various types of fiber optic ultrasound sensors [11-13].

For the purpose of discussing different interferometric mechanisms in PD acoustic
sensing, fiber optic ultrasound sensors can be loosely grouped into multi-beam and dual-
beam interferometric configurations. Multi-beam interferometric sensors mainly include
fiber Bragg gratings, distributed feedback fiber lasers, Fabry—Perot interferometers, and
external-cavity FabryPerot interferometers; dual-beam interferometers mainly adopt
Mach-Zehnder, Michelson, and Sagnac interferometric structures. Multi-beam interfero-
metric sensors, including Fabry—Perot— and FBG-based configurations, typically rely on
phase modulation within a localized resonant or reflective structure, which can provide
high sensitivity but differs fundamentally from the differential phase detection mecha-
nism of dual-beam interferometers. However, they are more sensitive to environmental
temperature changes, making it difficult to ensure the long—term stability of the system in
the complex and dynamic temperature field inside the transformer [14-17].

Interferometric fiber optic partial discharge sensor systems (such as Michelson,
Mach-Zehnder, Sagnac, etc.) rely on long optical paths and high phase sensitivity, achiev-
ing excellent detection of weak signals [18,19]. Wang et al. constructed a PD sensing sys-
tem based on a balanced Sagnac interferometer and a chaotic fiber ring laser, achieving
high signal-to—noise ratio detection of high—frequency acoustic emission (AE) signals [20].
Qian et al. directly placed a Sagnac fiber sensor inside the transformer oil channel, verify-
ing the advantage of fiber optic sensors in terms of sensitivity compared to external PZT
sensors for detecting PD in the winding [21]. Liu et al. further applied fiber optic ultra-
sound sensing methods to +500 kV DC cable systems, achieving ultrasonic localization of
long—distance cable PD [22]. Zhou et al. used high—sensitivity fiber optic interferometric
sensors and significantly reduced the detection threshold of PD acoustic emission by op-
timizing the fiber coil structure [19]. These studies primarily focus on optimizing the in-
terferometric system structure (such as depolarized light sources, phase demodulation
strategies, delay fiber lengths, etc.) to improve overall sensitivity and operational stability.
However, the mechanical sensitization structure used to efficiently couple the bulk wave
acoustic field to the fiber still mainly adopts simple linear or ring fiber coils, with limited
exploration and utilization of the acoustic-solidlight multi—field coupling mechanism
[23].

To improve the efficiency of the acoustic-optical conversion while maintaining elec-
trical insulation performance and mechanical strength, researchers have started to explore
coupling fiber optics with shaft/waveguide structures, utilizing the vibration modes of the
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shaft to amplify the ultrasonic strain. Lima et al. were the first to propose winding fiber
optics on a thin-walled cylindrical shaft and adjusted the material and geometric dimen-
sions of the shaft to achieve a relatively flat frequency response in the range of 10-50 kHz
suitable for transformer PD monitoring [24]. Ghorat et al. adhered FBGs on the outer sur-
face of a hollow PTFE shaft to construct a shaft-FBG composite PD acoustic emission sen-
sor, enhancing the detection sensitivity around 200 kHz by optimizing the shaft diameter
and wall thickness [14]. Commercial products such as Optics11’s OptimAE-PD sensor
also use a fiber wound on a specific shaft structure, with finite element design enhancing
the frequency response in the 20-150 kHz PD ultrasound frequency band [25]. These stud-
ies indicate that shaft structures are an effective means of enhancing the sensitivity of fiber
optic ultrasound sensors, with related work focusing on optimizing shaft materials, geo-
metric dimensions, and local structural parameters.

However, existing literature shows that most shafts are typically treated as axisym-
metric “strain amplifiers,” with optimization goals primarily focused on broadening or
enhancing the amplitude-frequency response in specific frequency bands. In fact, wind-
ing fiber optics on the shaft not only helps improve the sensor’s detection sensitivity but
also benefits installation and protection in engineering applications [26]. However, in ex-
isting studies, optimization of shaft-based fiber optic sensors typically focuses on shaft
materials and geometric dimensions, with fiber coils often arranged in simple parallel
forms on the shaft’s outer surface, neglecting the combined effects of the shaft’s vibration
modes on the fiber coil’s stress and deformation response. Especially under high—fre-
quency acoustic signals, the shaft may excite high—order resonant modes. According to
solid mechanics principles, the strain amplitude of a solid at resonance reaches its maxi-
mum under constant external load. Therefore, while utilizing the shaft structure to en-
hance the fiber coil’s acoustic field coupling effect, it is also necessary to systematically
study the coupling and winding methods between the fiber coil and the shaft to maximize
the sensitivity gain brought by the high-response characteristics of the shaft’s resonant
modes.

This paper addresses the key issues of complex internal structure, severe attenuation
of PD ultrasound signal propagation, and low sensor detection sensitivity in large oil-
immersed power transformers. By analyzing the multi-order resonant mode vibration re-
sponse characteristics of shaft structures, the paper proposes replacing the traditional par-
allel winding of fiber coils on shaft-based fiber optic ultrasound sensors with oblique fiber
winding. This change eliminates the issues of strain cancellation and displacement non—
accumulation in transverse and longitudinal resonant modes that occur with parallel
winding fiber coils. It enhances the strain amplification effect of the shaft structure on the
fiber coil wound on its outer surface. Additionally, based on the alternating distribution
of nodal and antinodal points in the transverse and longitudinal resonant modes of the
shaft structure, design principles are provided for multi-order mode applications. In this
study, 3D printing technology was used to fabricate fiber optic ultrasound sensors with
identical shaft structure dimensions for both parallel and oblique winding fiber configu-
rations, and frequency response and typical PD model tests were conducted on the sen-
sors.

2. Interference Principle of the Sensor and Analysis of Mandrel
Resonant Modes
2.1. Basic Principle of Sagnac Fiber—Optic Interference

As shown in Figure 1, the Sagnac interferometric sensing and detection system con-
sists of a broadband light source, a photodetector, a 3 x 3 fiber coupler, and a delay fiber.
The light emitted from the source is split by the fiber coupler into two beams propagating
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in the clockwise (CW) and counterclockwise (CCW) directions. These two beams travel
along a closed optical path and recombine to generate interference, which is subsequently
converted into an electrical signal by the photodetector. In the absence of ultrasonic exci-
tation, the CW and CCW beams experience identical optical path lengths, differing only
in their propagation directions. As a result, the phases of the two beams remain identical,
and the interferometric phase difference is zero. When an ultrasonic signal is applied to
the sensing fiber, a time delay is introduced between the arrival of the CW and CCW
beams at the sensing unit (probe) due to the presence of the delay fiber in the Sagnac loop.
This time delay causes the two counter—propagating beams to be modulated by the ultra-
sonic signal at different moments, thereby inducing a non-reciprocal phase difference.

Sensing optical fiber

Laser
source

Delay fiber

Figure 1. Schematic illustration of the Sagnac fiber—optic interferometric sensing system.

For the Sagnac interferometer, the two optical signals produced by the 3 x 3 coupler
have intensities I: and I, respectively, and the resulting interference intensity can be writ-
ten as [27]:

I =1,+1,+2JlJ,cosg 1)

where ¢ denotes the phase difference between the two interfering beams, given by:
p=2nft )

where f denotes the optical frequency, and 7 represents the time delay difference between
the two optical beams.

When the refractive indices of the sensing fiber and the reference fiber are identical
and equal to n. Here, n denotes the effective refractive index of the guided optical mode
in the fiber. The following relation holds:

- €)

where Lr denotes the effective length of the sensing fiber section that is acoustically per-
turbed and contributes to the interferometric phase modulation, and c is the speed of light
in vacuum. The interferometric phase difference ¢ can be expressed as:

27 fnL
(sz =pL, (4)
C
where § denotes the propagation constant.

External ultrasonic excitation induces variations in the interferometric phase by al-
tering the length, refractive index, and diameter of the fiber in the sensing system. Among
these factors, the effects of refractive index and diameter variations are significantly
smaller than that of the fiber length change and can therefore be neglected. Following the
classical theory of interferometric fiber—optic sensors [28,29], the ultrasonic-induced
phase variation can be expressed as:
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Ap =2BAL +2FAL, =Ap, +Agp, (5)

where Ag: represents the phase modulation induced by the radial expansion and contrac-
tion of the mandrel, and AL: denotes the corresponding length variation in the mandrel
caused by the applied acoustic pressure. Ap: denotes the phase modulation resulting from
the direct interaction between the optical fiber and the acoustic wave, while AL: represents
the length variation in the fiber itself under external acoustic pressure.

From the above analysis, it can be concluded that the two counter—propagating
beams in the Sagnac interferometer travel along the same optical path in opposite direc-
tions, which inherently provides high system robustness. This configuration effectively
suppresses the influence of dynamic temperature variations inside the transformer on the
sensing system.

Assume that the partial-discharge ultrasonic signal is y(t) = 4ysin (a)ot * (Po) .
Since the PD ultrasonic signal is a short-duration transient signal, the i-th component
(pulse) within the transient can be expressed as follows:

N
y(t)=2 4sin(at+9) ©)

Accordingly, the phase variations experienced by the clockwise (CW) and counter-
clockwise (CCW) beams caused by the PD ultrasonic signal during a single traversal of
the delay fiber Lo can be written as:

y](t):ZJj:A,.{sin[a)i(t—ta)+g0i]—sin[a)i(t—tb)+g0i:|} @)

v (1) =1VZAZ- {sin[@(t-1,)+@]-sin[ o (t-1,)+ o]} ®

t,=(Ly+L)= 1,=(2L,+L)% 1, =L
where c, ¢, c, ¢, Where L = L1 + La.
Then, the phase difference Ay(t) between the clockwise (CW) and counterclockwise
(CCW) beams can be expressed as:

Ay(t) =y ()=, (7)

3 L,+2L 9
:42 A Sin(a)i l;njcos(a)iﬂjcos a)i(t_MJ_'_% 9)
c c

i=1 C
. Ln 2kre
sin| @ =2 |=0 o, =
. 2c . L L,n
By setting in the above expression, it follows that .
w. =2rf.
Given that ' f’ , the relationship between the delay fiber length Lo and the PD

ultrasonic signal frequency can be obtained as:

fi “uL (10)
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According to the above equation, within a certain range, the frequency fi of the par-
tial-discharge ultrasonic signal is inversely proportional to the length of the delay fiber
Lb. Therefore, to ensure that the fiber-optic ultrasonic sensor provides a sufficiently wide
detection bandwidth over the frequency range of 20-200 kHz, where PD ultrasonic signals
are widely distributed, the delay fiber length is selected as 1.5 km in this study [18,19,21].

2.2. Analysis of Resonant Characteristics of a Mandrel-Coupled Fiber—Optic Sensor

The following mechanical analysis is based on classical elasticity and vibration theory
and is introduced to establish the relationship between mandrel vibration modes and fiber
strain distribution. Using a mandrel as the substrate for fiber winding not only enhances
the structural stability of the sensing probe but also facilitates directional design and
optimization of the fiber—optic sensing structure. This allows the practical applicability of
the sensor in industrial scenarios to be improved from multiple perspectives. In addition,
by taking advantage of the high resonant response of the mandrel structure, the sensitivity
of the fiber—optic ultrasonic sensor to weak and high—frequency partial-discharge (PD)
ultrasonic signals can be significantly enhanced. The mandrel substrate is a solid
cylindrical rod. When subjected to external acoustic excitation, it may exhibit multiple
vibration modes, including longitudinal, transverse, and torsional vibrations. Under
typical operating conditions, where the acoustic pressure generated by transformer partial
discharges is relatively low, the vibration displacement of the mandrel is much smaller
than its characteristic dimensions. As a result, the mandrel material can be assumed to
operate within the small-strain linear elastic regime. Moreover, the contribution of
torsional vibration modes to the axial strain of the optical fiber is minimal. Therefore, only
longitudinal and transverse vibration modes are considered in this study. Considering the
mechanical constraints under practical installation conditions, one end of the mandrel is
rigidly fixed to the mounting base, while the other end is free. Accordingly, the mandrel
is modeled with a classical clamped—free cantilever boundary condition, as shown in
Figure 2.

Transvers
section

ISR IE—

____________________________

Slitting
sectio

>

Fixed side

Figure 2. Schematic illustration of the longitudinal and transverse vibrations.

For the mandrel structure, the vibration condition encountered in engineering
applications corresponds to a typical single-clamped configuration. Let the length of the
mandrel rod be denoted as H, with the axial direction defined as the x—axis. The axial
displacement is represented by u(x,t), while the transverse displacement is denoted by
w(x,t), where t is time. For the clamped end of the cantilever, located at x = 0, the boundary
conditions can be expressed as [30]:
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u (0, t) =0
w(0,)=0 an
ow(0,7) o
ox

At the free end of the clamped-free cantilever (x = H), the boundary conditions are
given by:
o,(H,t)=0
M(H,t)=0 (12)
Q(H,t)=0

where ox denotes the axial stress, M is the bending moment, and Q represents the shear
force. For an Euler-Bernoulli beam, the conditions of zero bending moment and zero shear
force at the free end can be equivalently expressed as:

O w(H,1)
ox’

S w(H. 1)
ox’

0 (13)

Since the mandrel is a three—dimensional elastic solid, its mechanical response can be
decomposed into longitudinal vibration along the axial direction and transverse vibration
perpendicular to the axis. Under the above assumptions, the governing wave equation for
longitudinal wave propagation along the axial direction can be written as:

82u(x,t) 282u(x,t)
oF " e

(14)

C
where u(x,t) denotes the axial displacement, and ¥ is the propagation velocity of the

E

Cy = |—
longitudinal wave, given by P, where E is the Young’'s modulus of the mandrel

material and £ is the material density. The standing-wave solution of the longitudinal
vibration can be expressed as:

u, (x,t)= A, sin(k,x)e™" (15)
4,

axial wavenumber, and

where is the displacement amplitude constant of the nth vibration mode, " is the

n

denotes the angular frequency of the nth mode. By
substituting the fixed—end boundary condition u(0,t) = 0, it can be shown that the above
solution form satisfies this condition. At the free end (x = H), the axial stress vanishes. For

ou
o =F—
a one—dimensional rod, the axial stress is given by ox Therefore, the free—end
ou (H s t) _o
boundary condition can be written as Ox . Substituting this condition into

Equation (7) yields:
https://doi.org/10.3390/mi17020228



Micromachines 2026, 17, 228

8 of 16

ou A
n =4k, cos(k,H)e'™ =0 (16)
ax x=H
#0 cos(k H)=0
When A” , the condition ( " ) must be satisfied, which leads to
2n—1
k H = [ L
Therefore, it follows that:
(2n-1)ze
w =c k =~— ‘2" "L 17
n H™n 2H ( )

Consequently, the nth—order longitudinal resonant frequency can be obtained as [30]:

2n—-1 _
an:&:( n-ley _2n-1 E o125 (18)
" ox 4H 4H \ p

It can therefore be observed that, during longitudinal vibration, a mandrel rod with
one end clamped and the other free exhibits multiple nodes (zero displacement) and an-
tinodes (maximum displacement between two adjacent nodes) along its length. For the
first resonant mode, the clamped end corresponds to a node, while the free end forms an
antinode. In the second resonant mode, an additional node-antinode pair appears at the
midspan of the rod. For the third and higher-order resonant modes, nodes and antinodes
are distributed alternately along the rod, and the number of nodes and antinodes increases
with increasing mode order.

When the mandrel rod undergoes transverse vibration, its dynamic behavior can be
described using Euler-Bernoulli beam theory. The governing wave equation for the trans-

wl X, t
verse displacement ( ) is given by:

52w(x,t)+ﬂ 84w(x,t)
ot pS  ox

=0 (19)

where w(x,t) denotes the transverse displacement, I is the second moment of area of the
circular cross section, S is the cross—sectional area, and EI represents the bending stiffness.

_ , _ _ w,(x.1)=p,(x)e™
By applying the method of separation of variables in the form " " p
and substituting it into Equation (19), the characteristic equation can be obtained by com-
bining the boundary conditions of the clamped—free cantilever beam as:

cos(3,H )cosh(3,H)=—1 (20)
B,

where is the generalized wavenumber associated with the bending vibration. By nu-

A

merically solving Equation (20), the first several characteristic roots

it oo BHF1ETS BH~4694 BH~TSS

Accordingly, the angular frequency of the nth-order bending vibration is given by:

can be approx-

El 1

2
Wy, = ——
B,n ﬂn pS HZ (21)

The corresponding resonant frequency is given by:
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2
S =%=—ﬂ" 5 ﬂ,n=1,2,3,... 2)
27 2xH\ pS

It can be observed that, compared with longitudinal vibration, the distribution of
nodes and antinodes along the axial direction of a cantilevered cylindrical rod becomes
more complex under bending vibration. In higher—order bending modes, the number of
nodes and antinodes increases significantly, and regions of high strain tend to be more
densely distributed near the free end of the rod. Based on the above analyses of longitu-
dinal and transverse vibrations, it can be concluded that, for a mandrel rod with one end
clamped and the other free, both longitudinal and bending vibration modes generate mul-
tiple nodes and antinodes along the length of the structure at different mode orders. More-
over, the regions with high vibration response are predominantly located near the free
end, especially for higher—order modes. The spatial distribution of these nodes and anti-
nodes plays a critical role in determining the effective strain perceived by optical fibers
wound on the surface of the mandrel. In particular, the fiber winding configuration di-
rectly affects the extent to which high-response regions associated with different vibration
modes are effectively covered. As illustrated in Figure 3, typical displacement patterns of
the mandrel rod for the first several vibration modes under longitudinal and transverse
excitations are presented. Figure 3a—c show the displacement distributions corresponding
to the first- to third-order longitudinal vibration modes. In these cases, the mandrel ex-
periences alternating tensile and compressive deformation along the axial direction. For
conventional fiber winding schemes in which the optical fiber is wound parallel to the
axial direction, a single fiber loop often spans both compressive and tensile regions sim-
ultaneously. As a result, significant strain cancellation occurs when the strain is integrated
over the fiber length, leading to an insufficient effective deformation of the fiber loop.
Consequently, no pronounced optical path difference is induced between the two inter-
fering light beams, resulting in low sensing sensitivity. Figure 3d—f present the displace-
ment distributions for the first several bending vibration modes. In this case, the dominant
deformation of the mandrel is characterized by translational motion along the axial direc-
tion. For axially parallel fiber winding, the fiber loop within a given plane mainly follows
this translational motion, rather than experiencing a substantial increase in circumferen-
tial deformation. Under such conditions, the displacement of the mandrel structure does
not lead to an effective accumulation of fiber length variation. As a consequence, the re-
quired optical path difference between the two light beams is not sufficiently generated,
giving rise to the same limitation of low sensing sensitivity as observed in the longitudinal
vibration case.

111

L
L1ty
itt

https://doi.org/10.3390/mi17020228



Micromachines 2026, 17, 228

10 of 16

(d)

Perimeter=L Perimeter=L

Perimeter=L

1
i
Perimeter=L |
1

(e) ()

Figure 3. Displacement distributions of the mandrel under resonant vibration modes. (a—c) First—,
second—, and third-order longitudinal vibration modes of the mandrel. (d-f) Representative bend-
ing vibration modes of the mandrel. The color contours indicate the relative displacement magni-

tude, and the arrows denote the displacement direction of the mandrel.

Based on the above analysis, the winding configuration of the optical fiber on the
mandrel surface directly determines the efficiency with which the resonant-mode-in-
duced effective strain can be utilized by the sensor. To simultaneously exploit both the
axial and radial displacement components, while mitigating strain cancellation caused by
the coexistence of compression and expansion within the same plane as well as non-de-
formational axial translation, an oblique fiber-winding configuration is proposed in this
study. In this configuration, fiber loops are wound obliquely on the outer surface of the
mandrel rod, enabling asymmetric sensing of mandrel deformation. As a result, a vecto-
rial combined response to both longitudinal and bending resonant vibration modes of the
mandrel can be achieved. Moreover, under asymmetric modal deformation, a non-uni-
form coverage region is formed, which enhances the sensing capability for localized re-
gions with large strain. A schematic illustration of the oblique winding structure is shown
in Figure 4b. The winding angle of the optical fiber on the mandrel surface is denoted as
o, which is defined as the angle between the plane of the fiber loop and the end face of the
mandrel. Accordingly, o can be expressed as arctan(h/2r).

.(a) (b).

Figure 4. Schematic diagrams of the fiber—-optic sensors: (a) parallel-wound fiber-optic sensor; (b)

obliquely wound fiber—optic sensor.

Based on the simulation results shown in Figure 3, it can be observed that, for both
longitudinally and transversely dominated vibration modes of the mandrel structure, the
displacement at the clamped boundary remains zero, while the regions with high

https://doi.org/10.3390/mi17020228
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displacement response are located near the free end of the mandrel, mainly concentrated
in the upper half of the structure. Along the axial direction of the mandrel, the nodes and
antinodes of both longitudinal and transverse vibration modes are approximately ar-
ranged in an alternately spaced manner. Moreover, this distribution exhibits an approxi-
mately symmetric pattern with respect to the mid—height of the mandrel, while the maxi-
mum displacement deformation still occurs at the free end. These characteristics are con-
sistent with the high—-order resonant vibration modes of a conventional cantilever beam
[31]. Therefore, in order to minimize strain cancellation under coupled longitudinal-trans-
verse vibration modes and to efficiently utilize the strain induced by single-mode vibra-
tions of the mandrel, the oblique winding angle of the fiber loops is selected as a =
arctan(H/4r), corresponding to an oblique winding height of h = H/2. With this configura-
tion, the optical fiber spans both the strong-response region near the free end and the
symmetric high-response region around the mid-height of the mandrel along the axial
direction. As a result, a relatively large integrated equivalent strain can be obtained under
resonant excitation at different mode orders. It should be noted that the objective of this
study is to propose a generally applicable oblique winding design concept. Accordingly,
the selection of the oblique winding height emphasizes comprehensive applicability
across multiple vibration modes, rather than strict optimization for a specific mode order.
This design strategy avoids excessive tuning to a particular resonance frequency and en-
sures stable sensitivity performance over a relatively wide frequency bandwidth, thereby
providing a foundation for systematic parameter optimization in future studies.

3. Experimental Investigation

Since this study aims to investigate the relationship between the fiber winding con-
figuration on the mandrel structure and the resulting sensing sensitivity, and to ensure
consistency and accuracy in the fabrication of the sensor mandrels, a photosensitive resin
material was selected for manufacturing the mandrel structures using 3D printing tech-
nology. The material has a Young’s modulus of 2.8 GPa, a Poisson’s ratio of 0.27, and a
density of 1.1 g/cm3. The fabricated mandrel has a radius of 15 mm and a height of 40 mm.
Based on the formulations presented in the previous section, the first four longitudinal
resonant frequencies of the mandrel are calculated to be 10.1 kHz, 31.5 kHz, 48.6 kHz, and
67.4 kHz, respectively, while the first three bending resonant frequencies are 4.2 kHz, 28.3
kHz, and 71.1 kHz.

Considering that the intended application scenario of the proposed fiber—optic ultra-
sonic sensor is the interior of oil-immersed power transformers, an oil tank equipped with
acoustic absorbing and reflecting materials was employed to evaluate the amplitude—fre-
quency characteristics of fiber—optic ultrasonic sensors with two different winding config-
urations. The experimental setup is shown in Figure 5. A calibrated acoustic emission PZT
sensor (model REF-VL) was used as the acoustic excitation source and driven by a signal
generator. The amplitude—frequency response was measured over a frequency range of
0-200 kHz with a step size of 1 kHz. The measured amplitude—frequency characteristics
of the sensors are presented in Figure 6.
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Figure 5. Experimental platform for sensor performance comparison.
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Figure 6. Amplitude—frequency response comparison of sensors with different winding configura-

tions.

Based on the experimental results, it can be observed that fiber—optic sensors with
both winding configurations exhibit relatively low responses to the first-order longitudi-
nal and bending resonant modes, while showing stronger responses at higher—order res-
onant frequencies. A certain discrepancy is found between the experimentally measured
resonant frequencies and those calculated theoretically. This deviation arises because the
analytical formulations presented earlier do not account for the optical fiber wound on
the outer surface of the mandrel. The introduction of the fiber alters the overall mass dis-
tribution of the mandrel structure, thereby leading to shifts in the resonant frequencies.

Under identical experimental conditions, the amplitude—frequency response of the
obliquely wound fiber—optic ultrasonic sensor is clearly superior to that of the parallel-
wound configuration. In particular, for both longitudinal and bending resonant modes of
the mandrel, the obliquely wound sensor exhibits a significant improvement in detection
sensitivity. These results demonstrate that, for fiber-optic ultrasonic sensors based on
mandrel structures, the fiber winding configuration plays a crucial role in determining
sensing performance.

To further validate the above theoretical analysis under practical partial-discharge
detection conditions, a PD detection platform based on fiber—optic ultrasonic sensors was
established using four typical electrode models, as shown in Figure 7.
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Figure 7. Schematic diagram of the transformer partial-discharge detection experimental platform.

In this study, plate—plate, needle—plate, sphere-plate, and floating—potential elec-
trode configurations were employed as partial-discharge (PD) simulation sources to rep-
resent various PD types occurring inside power transformers. Fiber—optic ultrasonic sen-
sors with two different winding configurations were placed in parallel inside the oil tank
at equal distances from the PD source. In addition, a conventional commercial PZT sensor
with a resonant frequency of 150 kHz was used as a reference sensor and as the triggering
source. The experimental results are presented in Figure 8.

Oblique Winding Sensor Oblique Winding Sensor
—— Parallel Winding Sensor 2F —— Paraller Winding Sensor
PZT PZT
1} VPP:0.345V
1k
>
E’D A ol gL AR %) AAI\;A hillh o i e, ol A o L e fl i
g 0 s A\; U‘” .\ (el i \’pll R ] 0 e '”'——“\'V i prd et R B LA
5 W\I ‘ 5 |
> = /
1F VPP:0.45V ar
VPP, 36\/ VPP:1.408V
VPP:3.522V
VPP:3.41V ok
2k 1 1 1 1 1 1 1 1
0.2 0.0 0.2 04 06 0.8 0.2 0.0 0.2 0.4 0.6 0.8
Time/ms Time/ms
(a) , (b)
Oblique Winding Sensor Oblique Winding Sensor,
4r —— Parallel Winding Sensor Parallel Winding Sensor
PZT
PZT
1k
2+ VPP:0.72V VPP:3.55V
%ol 3 Mh
Fo ! M‘IL"M'” Rt i o'..'«.cﬁ‘ oty *Juu :‘3’ 0 s \kaNN “ M Bif 1“' M‘uhl')“
= = V"' ! .” ‘ i ”\H“ M»H il
> >
2k VPP:0.41V
VPP: 3.32V Al >
VPP:1.43V
-4+ VPP: 8.38V
1 1 1 1 _2 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 0.2 0.0 0.2 0.4 06 0.8
Time/ms Time/ms
(9 (d)

Figure 8. Partial-discharge detection results under different electrode configurations: (a) needle-

plate electrode; (b) plate—plate electrode; (c) sphere-plate electrode; (d) floating—potential electrode.
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The experimental results indicate that, under all four electrode configurations, the
output signal amplitude of the obliquely wound fiber-optic ultrasonic sensor is consist-
ently higher than that of the parallel-wound configuration. The peak—to—peak values of
the output signals are approximately 2.5 times larger, demonstrating that the oblique
winding configuration provides a substantially higher detection sensitivity compared
with the parallel winding approach. Furthermore, under the needle-plate, plate—plate,
sphere—plate, and floating—potential electrode configurations, the peak—to—peak output
signals of the obliquely wound fiber-optic ultrasonic sensor are 7.4, 10.2, 11.5, and 8.9
times higher than those of the reference PZT sensor, respectively. These results confirm
that the proposed fiber—optic ultrasonic sensor exhibits a markedly higher detection sen-
sitivity than conventional PZT sensors. However, due to the stochastic nature of the acous-
tic energy spectrum associated with partial-discharge ultrasonic signals, as well as the
differences in amplitude—frequency characteristics between commercial PZT sensors and
the developed fiber—optic ultrasonic sensor, the ratio of peak—to—peak output signals be-
tween the two sensor types shows a certain degree of variability. Based on the above ex-
perimental observations, it can be concluded that the detection sensitivity of the obliquely
wound fiber-optic ultrasonic sensor is at least 7.4 times higher than that of the conven-
tional PZT sensor.

4. Conclusions

Aiming at the engineering challenges associated with ultrasonic partial-discharge
signal attenuation and the complex electromagnetic environment in large oil-immersed
power transformers, this study developed a PD acoustic emission sensing scheme based
on a Sagnac fiber-optic interferometer. Both theoretical analysis and experimental valida-
tion were conducted with a particular focus on the relationship between fiber winding
configuration and the strain utilization efficiency of multi-order resonant vibration modes
of the mandrel. The main conclusions can be summarized as follows:

1.  Anoblique winding strategy for enhanced sensitivity based on multi-order resonant
mode coupling of the mandrel was proposed and validated. To address the strain
cancellation caused by conventional parallel winding across tensile and compressive
regions during longitudinal vibration, as well as the difficulty in effectively convert-
ing translational components into circumferential strain accumulation during bend-
ing vibration, an obliquely wound fiber—loop configuration on the mandrel surface
was proposed. By enabling asymmetric coverage and a vectorial combined response
to deformation, the proposed strategy enhances the sensing efficiency of both longi-
tudinal and transverse multi—order resonant modes from a mechanistic perspective.

2. Experimental results demonstrate that oblique winding significantly outperforms
parallel winding in both amplitude-frequency response and PD detection sensitivity.
A mandrel-based fiber—optic ultrasonic sensor fabricated using 3D printing technol-
ogy was evaluated through amplitude—frequency response measurements and PD
detection experiments employing four typical PD models. The results show that, un-
der identical conditions, the obliquely wound sensor exhibits a more pronounced
response near higher—order resonant modes of the mandrel, achieving a detection
sensitivity approximately 2.5 times higher than that of the parallel-wound configu-
ration.

3. A substantial sensitivity advantage over conventional PZT sensors was achieved un-
der representative PD conditions. For plate-plate, needle—plate, sphere-plate, and
floating—potential electrode PD sources, the peak-to—peak output signals of the
obliquely wound fiber-optic sensor reach 7.4, 10.2, 11.5, and 8.9 times those of a con-
ventional PZT sensor, respectively. Based on the overall experimental results, the
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detection sensitivity of the proposed sensor can be considered to be at least 7.4 times
higher than that of the traditional PZT sensor.

In summary, for mandrel-based fiber—optic interferometric PD acoustic emission
sensors, the fiber winding configuration is not a secondary fabrication parameter, but ra-
ther a critical design factor that directly determines the strain accumulability of multi-
order resonant modes and the efficiency of acousto—-optic conversion. Future work will
focus on the joint optimization of mandrel structural parameters and sensor sensitivity
and bandwidth, with the aim of achieving more controllable broadband high—sensitivity
performance, as well as advancing long—term stability assessment and engineering pack-
aging validation under real transformer operating conditions.
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