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The additional deformation of the quartz crystal under the vibration stress disturbance
greatly affects the measurement accuracy of the fiber optic voltage sensor. In this paper,
the influence of different vibration directions on quartz crystal deformation is analyzed by
the finite element method based on the analysis and derivation of the system error
mathematical model of the quasi-reciprocal reflected fiber optic voltage sensor.
Furthermore, the effect of additional quartz crystal deformation on the output precision
of the system is calculated. The results show that the vibration stress along the axial
direction mainly causes the quartz crystal to deform in height, and the vibration stress
along the radial direction mainly causes the quartz crystal to deform the circumference.
Among them, the deformation of the crystal radial circumference is the main reason to
influence the system output accuracy. In addition, the size and deformation parameters of
the quartz crystal are related to the output error of the sensor system. This paper provides
the parameter optimization and design guidance for improving the anti-mechanical
vibration performance of the sensor head of the fiber optic voltage sensor and
provides a theoretical basis for the suppression method of the system error.

Keywords: quartz crystal, fiber optic voltage sensor, vibration performance, converse piezoelectric effect, error
analysis

INTRODUCTION

The voltage sensors play an extremely important role in fields of power measurement and relay
protection. With the continuous improvement of voltage levels, traditional electromagnetic
transformers have gradually revealed their drawbacks in terms of measurement range, insulation
protection, and application range [1, 2]. The optical voltage sensor (OVS), with its outstanding
advantages such as high safety performance, excellent insulation performance, no magnetic
saturation, large dynamic range, and so on, is gradually replacing traditional voltage transformer
[3, 4]. At present, OVS research mostly included the electro-optic crystal OVS based on the Pockels
effect and the all-fiber OVS based on the converse piezoelectric effect [5-7]. Compared with the
electro-optic crystal OVS based on the Pockels effect, the all-fiber OVS based on the converse
piezoelectric effect has a simple optical system structure. It does not require optical lens system (lens,
polarizer, analyzer, wave plate) and optical collimation. Optical fiber is used for signal transmission
and detection. In addition to the quartz crystal, the system no longer needs other discrete optical
components, which has advantages in improving the stability and reliability of the long-term
operation of the system [8].
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FIGURE 1 | Reflective fiber optic voltage sensor configuration.
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Asea Brown Boveri (ABB) company proposed a reflective fiber
optic voltage sensor (RFOVS) by using the non-reciprocity
principle of Faraday rotator [9]. In this structure, a
compensation fiber of equal length is spliced at 90° to the axis
after the sensing fiber. Theoretically, the structure is reciprocal
and can completely offset the influence of external disturbance
factors on the optical path. However, it is difficult to achieve the
same length for the two-part optical fiber in the actual process, so
the non-reciprocity error is introduced. The reciprocity error
become more significant and complicated under the influence of
external environmental disturbance. This error was analyzed in
depth and proposed a relevant suppression method in the
previous study [10]. It is well known that the quartz crystal is
the core device of direct sensitive voltage in RFOVS. The length of
sensing fiber wound on quartz crystal can be changed due to the
deformation of the quartz crystal, which ultimately affects the
output of the RFOVS system. In practical applications, quartz
crystal deformation is easily affected by the environment, such as
ambient temperature and external vibration. However, the
research on OVS mainly focuses on thermal induced error
[11-17] at present. There are little reports on the vibration
performance of RFOVS system. In addition, due to the

limitation of the fabrication process, the double crystal
compensation scheme cannot guarantee the identical crystal
parameters. The additional devices also reduce the reliability
of the system. Therefore, in the practical application, it is an
important to solve the environmental adaptability problem of
RFOVS to deeply study the vibration characteristics of quartz
crystal and explore the relationship between vibration stress and
output accuracy of RFOVS system.

In this paper, the non-reciprocal error mathematical model
of RFOVS system was established. Then, the influence of
deformation of quartz crystal under the vibration stress on
the output performance of RFOVS system was analyzed.
Furthermore, the influence of different quartz crystal
physical parameters on the system output error was
investigated and the quantitative relationship between the
system output error and the physical parameters of the
quartz crystal under vibration stress disturbance was
obtained. This study provides a theoretical basis for the
suppression method of vibration error of RFOVS system
and has a certain guiding significance for the optimization
of RFOVS sensor head. It also provides a reference for the
complex environment application of OVS.
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SENSOR CONFIGURATION AND
OPERATION

The configuration of RFOVS based on the converse piezoelectric
effect is shown in Figure 1 [9]. The light wave from an amplified
spontaneous emission (ASE, center wavelength A = 1,550 nm)
passes through the coupler and enters the polarizer to become
polarized light. The polarized light at 45° splice point is divided
into two orthogonal polarization modes. After the optical signal is
modulated by the phase modulator, the two orthogonal
polarization modes are transmitted along the fast and slow
axis of the polarization-maintaining fiber, respectively. Then,
after passing through a Faraday rotator, the polarization plane
of the two orthogonal linear polarization modes is rotated 45°
and enters into two polarization-maintaining optical fibers with
equal length and axial splice of 90° successively. Optical signals in
the polarization-maintaining fiber winding on the quartz crystal
perceive the deformation of quartz crystal due to the converse
piezoelectric effect. After 90° splice point, the two orthogonal
polarization modes propagated along the fast and slow axis of the
fiber are interchanged once. Then it goes into the compensating
fiber of the same length for further transmission. After the light
signal is reflected by the reflector and returns along the original
path. It passes through the 90° splice point again, and the two
modes of orthogonal polarization propagated in the fast and slow
axis are exchanged again. Thus, the phase difference of
birefringence cancels with each other, and only the phase
difference introduced by the converse piezoelectric effect of
quartz crystal is retained. Then the optical signal carrying
voltage information passes through the Faraday rotator, and
the polarization plane of the light rotates again by 45°,
realizing the interchange of two orthogonal polarization
modes. After the optical signal goes through the polarization-
maintaining delay fiber and phase modulator in turn, and the
light wave interfere at polarizer. The phase signal is converted
into the optical intensity signal, then the optical intensity signal
coupled into the photodetector.

Quartz crystal is the core component of the sensor unit. It
generates elastic deformation due to the converse piezoelectric
effect under the electric field, which results in the length
change and refractive index change of the sensing fiber
wound on it. Therefore, the two orthogonal Ilinear
polarization modes transmitted along the fast and slow axis
of the sensing fiber produce a phase difference related to the
voltage. The voltage to be measured can be obtained by
detecting the phase difference.

The phase difference caused by the change in length (a¢;) and
the change in refractive index (A¢,) can be expressed by the
following formula:

Ag = Ap,+ Ag, = 2771 [(ma =m0 )AL + Li(Ang = Any)| - (1)

where, 1,1, 1, are the refractive index along the x and y axes,
respectively, AL is the length variation of sensing optical fiber, L,
is the length of sensing optical fiber, An,;, An,, is the variation of
refractive index along the x and y axes, respectively.

Fiber Optic Voltage Sensor

Firstly, the variation of fiber length is the main reason for the
phase difference of light wave. The optical fiber is evenly and
tightly wound on the quartz crystal. The change in the length of
the optical fiber directly reflects the deformation of the quartz
crystal [8]. The relationship between deformation of quartz
crystal and the voltage to be measured is given by Eq. 2:

—dnﬂRU

AL=N-Al=N
d

2
where, Al is the length variation of one turn sensing fiber, N is the
number of turns wound on the quartz crystal, dy; is the
piezoelectric coefficient of quartz crystal, R is the radius of
quartz crystal, d is the height of quartz crystal, U is the
voltage to be measured.

Secondly, the phase difference caused by the elastic optical effect
of the optical fiber [18] is expressed by the following formula:

) aNU
Ag, = j Z’SR ~55x 10°PN (1 — 12)dR = -5.5 x 1051'2%
(3)

where «, x; are the curvature of sensing fiber before and after
quartz crystal deformation, r is the radius of the sensing fiber.

Combined with formulas 1-3, the phase difference caused
by the converse piezoelectric effect of quartz crystal can be
deduced:

A(P = A(Pl + A(Pn

U
= —dllT[R—

2 1
7 [—ﬂ(nxl - nyl) + (5.5 x 10° x r? ﬁ)] N (4)

A

It can be seen from the formula 4 that there is a linear
relationship between the voltage to be measured and the phase
difference. The phase difference depends on the voltage to be
measured, the refractive index of optical fiber, the radius and
height of quartz crystal and the number of winding turns.
However, in practical applications, quartz crystal is deformed
not only by the converse piezoelectric effect, but also by the
vibration stress. The deformation of quartz crystal due to
vibration stress is perceived by the optic fiber wound on
quartz crystal, which affects the measurement accuracy of
RFOVS. Therefore, it is necessary to analyze the influence of
the additional deformation of the quartz crystal caused by the
vibration stress on the output accuracy of the system.

THEORETICAL MODELING AND
SIMULATION

Mathematical Modeling of the System

To model the RFOVS, we apply Jones matrix [19, 20] analysis to
the system of Figure 1. In this paper, we make the following
assumptions. (1) The amplitude extinction coefficient of the
polarizer is ¢ =10. (2) All fusion points are ideal. (3) The
Faraday rotator is ideal. (4) The sensing fiber and the
compensating fiber are equal in length (L; = L,).

Frontiers in Physics | www.frontiersin.org

December 2020 | Volume 8 | Article 607724


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Yang et al.

Fiber Optic Voltage Sensor

A B

diameter

height

geometric model

FIGURE 2 | The geometry and mesh division of the quartz crystal. (A) Geometric model. (B) Mesh division.
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where Al indicates that the length variation of optical fiber due to

the deformation of quartz crystal caused by vibration stress.

Compensating Fiber

e [¥ (naLy)] 0

0 el [ (mLa)]

where, L, is the length of compensating optical fiber, 7., n,; are
the refractive index along the x and y axes, respectively.

If the impact of vibration stress on the quartz crystal is not
considered, then al; = 0. The ideal output light intensity of the
system can be expressed by the following formula:

Al = E2sin(2A¢ + ¢; ) (7)

where, A¢ is the phase difference caused by converse piezoelectric
effect, ¢/ is the feedback phase shift.

T S

TABLE 1 | Relevant parameter settings used in simulations.

Type Quartz crystal

of piezoelectric crystal

Geometric parameters Diameter (mm) 30
Height (mm) 80

Material parameters Young’s modulus (GPa) 76.5
Poisson’s ratio v 0.34
Density (kg/m?) 2,651

If the influence of vibration stress on the quartz crystal is
considered, then al; #0. The output light intensity of the system
can be expressed by the following formula:

AL, = Esin(2A¢ + 2A¢; + ¢, ) ©)

_271

g, = 2 (0 =) + (An— )] AL (10

It can be seen from formula 10 that the main source of the
error is the variation of fiber length. Since the deformation of each
point of the quartz crystal is different, it is necessary to calculate
the length change of one turn of the fiber through the method of
integration. Therefore, the error phase caused by vibration stress
is given by the following formula:

2 2nR 2R
Ag, = Tﬂ j (1 - 1, )AP(R, )dR + j (Any
0 0
— Anyp )AP (R, t)dR (11)
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where, AP(R,t) represents the vibration stress of the quartz
crystal.

By combining Eqs 7 and 9, the system output error expression
can be obtained:

AL, — Al

= _ — x100 12
T ALy % (12)

It can be seen from formula 9 that the fiber length change
caused by vibration stress of quartz crystal and the fiber length
change caused by converse piezoelectric effect of quartz crystal
are mixed together, and the system cannot distinguish this
error phase. In practical application, the output accuracy and
stability of RFOVS system is affected by external vibration
disturbance. Therefore, it is significant to analyze the error

phase shifts caused by the vibration stress on the output
accuracy of the system.

Vibration characteristics of the quartz

crystal

The geometrical model of quartz crystal was established by finite
element method. The geometry and mesh division of the quartz
crystal are shown in Figure 2. Quartz crystal simulation
parameters are given in Table 1 [21]. As shown in Figure 3, it
is the calculation result of the first 4 characteristic frequency of
quartz crystal. The first 4 characteristic frequencies are 3302.2,
3302.5, 11166.8, 15648.8 Hz, respectively. Characteristic
frequency means that when an object vibrates freely, its
displacement changes with time according to the sine or
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cosine law. The vibration frequency has nothing to do with the
initial conditions, but only related to the inherent characteristics
of the system (such as quality, shape, material, etc.) The study of
the characteristic frequency helps ensure product stability. It can
be seen from the results that the first-order characteristic
frequency of quartz crystal is very high, which is advantageous
to avoid the influence of low-order resonance.

When the external vibration frequency is near the
characteristic frequency, the quartz crystal is most likely to
resonate, and the deformation is the largest, which has the
most serious impact on the accuracy of the RFOVS system.
Therefore, the analysis and control of the first 4 order
frequencies are particularly important. As mentioned in
previous paper [22, 23], in the practical application process of
the RFOVS, the external vibration frequency is difficult to reach
3,000 Hz. Therefore, the quartz crystal is not easily affected by
resonance. Based on the practical application of the RFOVS, this
paper firstly applies sinusoidal excitation to quartz crystal in
different directions to analyze its deformation law. Then the
influence of vibration factors on the output accuracy of the system
was analyzed. The vibration load curve is shown in Figure 4.

100

-100 : : :
0 0.02 0.04 0.06 0.08 0.1

Time(s)

FIGURE 4 | Vibration load curve (10 g 60 Hz).

Fiber Optic Voltage Sensor

First, sinusoidal loading was applied to the x direction of the
quartz crystal. The quartz crystal is fixed at one (bottom). The
deformation result is shown in Figure 5. It can be seen from the
simulation result that the deformation component in the x direction
(x10™° mm) is significantly larger than the y direction (x10™ > mm)
and z direction (x10~"' mm). This indicates that the axial height
variation of quartz crystal is mainly caused by applying vibration
load in x direction. In addition, the sinusoidal load was applied in the
y direction to calculate the deformation of x, y and z components of
the circumference of the quartz crystal. As shown in Figure 6, the
result shows that the variation of y direction circumference is mainly
caused by the loading of the quartz crystal in y direction. Similarly,
when a load is applied in the z direction, the quartz crystal mainly
produces the variation of circumference in the z direction. For the
quartz crystal, the vibration load along y axis and z axis produced the
same system error. Therefore, this paper only analyzed the influence
of vibration along x axis and along y axis on the system output.

RESULTS AND DISCUSSION

The Relationship Between Vibration
Amplitude and System Output Error

In the previous part, the influence of vibration load in different
directions on quartz crystal deformation has been clarified.
Firstly, the analysis of system vibration error under different
amplitudes in the x direction was carried out. Quartz crystal
height changes mainly due to x axis vibration. Therefore, the
system output error can be calculated by combining Eqs 4 and 12.
In this simulation calculation, quartz crystal height is 80 mm,
radius is 15 mm, acceleration range is 2-10 g, frequency is 60 Hz
and the voltage to be measured is 110 kV. As shown in Figure 7A,
the vibration amplitude is almost linearly related to the system
output error. However, because the quartz crystal height variation
is very small, the quartz crystal height variation caused by
vibration stress along the x axis has little influence on the
system output accuracy. The system output can meet the
accuracy level of 0.2S. On the other hand, sinusoidal vibration
load was applied along the y axis, and the system output error is
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shown in Figure 7B. It can be seen from the result that the vibration
amplitude has a great influence on the output error of the system. In
addition, compared with the height variation of quartz crystal, the
vibration along the y axis mainly caused the circumference change of
quartz crystal, which results in the length change of the fibre wound
on quartz crystal. Therefore, the vibration has a serious impact on
the output accuracy of the system. The system failed to meet the
accuracy requirements of 0.2 S.

In the last part, the effects of different vibration amplitudes
along the x axis and the y axis on the system output were
analyzed, respectively. The results show that the system output
error has a linear relationship with the vibration amplitude. In
addition, compared with the quartz crystal height variation, the
circumference variation is the main factor caused the system

0. 020
] X component
y component
0.0157 z component
& 0.010-
= ]
£ 0.005
g ]
g
e 0. 000
2 ]
—0. 005 1
—0. 010 A
_0. 015 T T T T T T
0.00 0.02 0.04 0. 06 0.08 0.10
Time (s)
FIGURE 6 | The circumference deformation of quartz crystal.
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output error. Therefore, in this part, the law between different
quartz crystal size (radius and height) and system output error
under certain amplitude was investigated. In this simulation
calculation, quartz crystal height range of 70-100 mm, step
length of 10 mm, radius range of 10-25mm, step length of
5 mm, acceleration of 10 g, frequency of 60 Hz, and voltage to
be measured of 110 kV are selected. The system output error of
quartz crystal vibrating along x axis and y axis with different
height and radius are studied, respectively.

The calculation results are shown in Figure 8. As can be seen
from Figure 8A, the system output error caused by the height
change of quartz crystal is still very small, and the difference of
output error under different heights is also very small. However, it
can be seen from Figure 8B that the radial circumference change
of quartz crystal still has a great influence on the system output
error. Moreover, different quartz crystal height also has a certain
influence on the system output error. The higher the height, the
more serious the system output error. This is mainly because
increasing the height of quartz crystal reduced its stability under
vibration force, resulting in larger output error of the system.

In the previous part, the results show that the quartz crystal
height change has little influence on the system output error. So
only the crystal height change is calculated. As can be seen from
Figure 9A, the height variation is very small. The maximum
height variation only around 0.0125um, and different quartz
crystal radius have little effect on the height variation. It is known
from the previous analysis that the main reason caused the system
output error is the circumference change of quartz crystal. It can
be seen from Figure 9B that the different quartz crystal radius has
a significant impact on the system output error. The larger the
crystal radius is, the smaller the output error of the system will be.
This is mainly because increasing the radius can improve the
stability of quartz crystal under vibration force and reduce the
deformation of crystal circumference. This result is consistent
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with the previous analysis about quartz crystal height. It also
provides guidance and basis for the optimization of sensor head.

CONCLUSION

In summary, the aim of the present research was to explore the
relationship of output error versus vibration stress. The most
obvious findings to emerge from this study are that the model of
output error was established, and the relationship between system
output error and vibration stress was investigated, respectively. This

study indicates that the system output error is mainly caused by the
deformation of radial circumference of quartz crystal. Furthermore,
the relationship between the system output error and vibration stress
was linear. Meanwhile, different quartz crystal size also has a certain
effect on the system output error. Reasonable selection of quartz
crystal radius and height can suppress the output error of the
RFOVS system. The finding of this investigation complements
those of earlier studies and provides a theoretical basis for error
suppression. More broadly, further research will need to be done to
explore error compensation algorithm to achieve the purpose of
improving the accuracy of the system.
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