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Abstract: In this paper, a stray current sensor based on an all-side cylindrical spiral fiber is
proposed. The configuration of stray current sensor is illustrated first. The Jones matrix of
sensor head is derived based on the geometric rotation effect. The output representation of
stray current sensor is also obtained. Moreover, the effect of the characteristic parameters
of sensor head on the output error is evaluated. On these bases, the genetic algorithm is
applied to optimize these characteristic parameters in the range of the temperature-induced
linear birefringence from 0° to 1000°. The optimization results include the following: For the
vertical side, the length of cylindrical rod and the number of curve spirals are 1024 mm
and 35, respectively; for the horizontal side, these two parameters are 876 mm and 28,
respectively. The temperature experiments are conducted to test the performance of the
stray current sensor with reference to that without cylindrical spiral fiber, and the test results
indicate that the measurement error of the proposed stray current sensor is not larger than
0.4%, which can be suited for the stray current measurement in an urban rail transit system.

Index Terms: Stray current sensor, geometric rotation effect, optimization.

1. Introduction
The optical fiber current sensor (OFCS) has been under investigation since the 1970s [1]. Its opera-
tion mainly depends on the Faraday effect in the single mode optical fiber [1]–[4]. The main benefits
of OFCS are current measurement with high fidelity, high safety of operation, and environmental
friendliness [5]. The other advantages of OFCS have been reported, such as high accuracy, wide
dynamic range, wide bandwidth, and dielectric nature [6], [7]. The OFCS has been found to enter
into applications in high voltage substations for electric power transmission [8], [9], current measure-
ment for process control and protection in electrowinning industry [10], and current measurement
for buried pipelines protection in an urban rail transit system [3]. The formal two applications maybe
well know while the last one maybe not. In the last application, this described current of buried
pipelines, such as the oil pipeline, water pipeline, and gas pipeline, is usually called stray current.
Since the magnitude of stray current is closely related to the corrosion status of buried pipelines,
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the measurement on stray current can provide a new method to evaluate the corrosion status [11],
[12]. The stray current is known to produce from the DC traction current of the train along the
running rail, which includes the primary stray current and the secondary one. The primary stray
current can be captured by the stray current collection system, which has no effect on the buried
pipeline. The secondary stray current enters the buried pipeline and then causes the electrolytic
corrosion. According to our test results in a metro system, the secondary stray current on a single
buried pipeline is proven to be a low frequency current, which is not greater than 10.94 Hz, and its
magnitude is within the range from -19.3 A to 20.8 A.

The OFCS, which is the passive and anti-corrosion sensor, is an advantageous candidate to
measure the secondary stray current. According to the signal detection method, the OFCS can
be divided into two main types including interferometer [4], [7]–[8] and polarimetric [1]–[3], [5], [6].
Compared with the interferometer OFCS, the polarimetric OFCS has the advantages of simple
optical structure and low cost. Thus, the polarimetric OFCS has been applied to measure stray
current, which is called stray current sensor [3], [6]. During the practical applications, the main
problem of the stray current sensor is the sensitivity to temperature, that is, the sensor performance
may be declined due to the temperature-induced linear birefringence. As far as we know, two
effective methods have been applied to solve the temperature-sensitive problem. The first method
applies the thermally annealed fiber as the sensing fiber [13]. However, the thermally annealed fiber
is found to be easily damaged. The other method applies the spun highly birefringent fiber as the
sensing fiber [14], [15]. However, the Verdet constant of this spun highly birefringent fiber is difficult
to be evenly distributed. Moreover, this fiber needs to be improved in some ways, such as the high
cost of fabrication and the high polarization mode dispersion [16].

In this paper, first, we propose a stray current sensor based on an all-side cylindrical spiral fiber
(CSF). In each side, it winds the sensing fiber along the cylindrical spiral curve, which produces
the circular birefringence to suppress the linear birefringence based on geometric rotation effect.
The configuration of stray current sensor is demonstrated, and a sensor head using all-side CSF
is illustrated in detailed. The Jones matrix of the sensor head is then derived. Moreover, the output
representation of stray current sensor is obtained. And the effect of the characteristic parameters of
the sensor head on the output error is evaluated. On these bases, the genetic algorithm is applied
to optimize the characteristic parameters, including the length of the cylindrical rod and the number
of the curve spirals. Finally, comparing with the stray current sensors without CSF, the temperature
experiments are conducted to assert the superiority of stray current sensor with all-side CSF.

2. Optical Configuration and Output Representation for Stray
Current Sensor
The stray current sensor is composed of a super luminescent diode (SLD) source, a polarizer, a
coupler, a sensor head, a polarization controller (PC), a polarization beam splitter (PBS) and an
optical power meter (OPM), whose configuration is shown in Fig. 1. The sensor head is composed
of the sensing fiber, two multilayer solenoids and a mirror. It is noted that the mirror is attached at
the end of the sensing fiber. Firstly, the light from the SLD passes through the polarizer to form
the linearly polarized light. The linearly polarized light then travels through the coupler and enters
into the sensor head. During the sensor head, the linearly polarized light propagates in the sensing
fiber and the plane of polarization is rotated due to the magnetic field induced by the stray current
applied on the solenoids. The linearly polarized light is reflected by the mirror and passes the
sensing fiber for a second time. Since the Faraday Effect is nonreciprocal, the rotation angle is
double. The linearly polarized light from the sensor head is coupled into the PC that is used to
modulate the plane of polarization through 45 degrees [3]. The modulation light travels into the
PBS and then splits into the orthogonally optical signals that are detected by the OPM. Finally, the
detection results of the OPM are sent to the industrial personal computer (IPC) by RS 232 interface.

The detailed configuration of the sensor head is shown in Fig. 2(a). The two solenoids are
designed to connect in series through a conducting wire, which are installed in the sections AB
and EF, respectively, which means that the magnetic field intensities are the same for the sensing
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Fig. 1. Optical configuration of stray current sensor.

fiber in sections AB and EF. Moreover, the sensing fiber is installed on a cylindrical rod along a
spiral curve in section AB, which is the same as the installations in sections CD, EF and GH. Thus,
the sensing fiber is called as the all-side CSF. It is noted that the linear birefringence, the circular
birefringence and the magnetic field work together on the CSF in section AB as well as in section
EF. However, only the first two factors play a role on that in sections CD and GF. The parameters’
distribution is shown in Fig. 2(b).

In section AB, the parameter equation of the CSF is expressed as

ρ (α) = ρx · i + ρy · j + ρz · k = r cos (κα) · i + r sin (κα) · j + h (κα)
/

2π · k (1)

where 0 � α � 2π, r is the radius of the cylindrical rod, κ is the number of the curve spirals, and h
is the length of each curve spiral.

The magnetic field intensity along the CSF can be simplified as [3]

H = n1 · n2 · Len
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where the parameters a and b represent the internal and external diameter of multilayer solenoid,
respectively. The parameter Len represents the length of multilayer solenoid. The parameter Cur
represents the applied stray current. The parameters n1 and n2 are equal to num1/Len and num2/(b-
a), respectively. It is noted that num1 and num2 are defined as the number of turns along the axial
and vertical direction of multilayer solenoid, respectively.

According to (1), the length of the CSF can be derived as

L =
∫ 2π

0

√(
ρ′

xdα
)2 + (

ρ′
ydα

)2 + (
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zdα
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√
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Moreover, the torsion τ and curvature μ of the CSF are obtained as (4), respectively.

τ = (ρ′, ρ′′, ρ′′′)

(ρ′ × ρ′′)2
= 2πh

h2 + 4π2r 2
; μ =

∣∣ρ′ × ρ′′∣∣

|ρ′|3 = 4π2r
h2 + 4π2r 2

. (4)

In our sensor, the linear birefringence of the CSF may be induced by the bending stress or the
thermal stress. Among them, the bending-induced linear birefringence (BLB) of the CSF per meter
is given by [17]:

βb = πn3

2λ
(p 12 − p 11) (1 + ν) r 2

1 · μ2. = 0.0021 · μ2 (red/m) (5)
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Fig. 2. Sensor head with all-side CSF and its parameters distribution: (a) Sensor head: 1. Multilayer
solenoid; 2. Sensing fiber 3. Cylindrical rod; 4. Mirror; 5. Conducting wire. (b) Parameters’ distribution.

where λ is the wavelength of the input light, λ = 1.55 um; n is the refractive index of the fiber
core, n = 1.458; p 11, 12 are the strain-optical coefficients, p 11 = 0.121 and p 12 = 0.270; ν is
the Poisson’s ratio, ν = 0.17; r1 is the equivalent radius of the CSF, r1 = 62.5 um. Moreover, the
temperature-induced linear birefringence (TLB) of the CSF per meter is defined as βt , which is
difficult to be calculated like βb at present. The main challenge is how to accurately obtain the
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stress difference between the principal axes of the CSF when the temperature is changed. And
there is no effective method to measure this stress difference of the meter-long CSF. In this work,
the parameters optimization of the CSF is firstly performed within a preset range of the TLB. On
this basis, the temperature experiment is used to evaluate the accuracy of this preset range. Thus,
for the CSF, the linear birefringence is equal to βL, which is the sum of βbL and TLB, the circular
birefringence is equal to τL [18], and the Faraday rotation angle is equal to VHL [6]. It is noted that
V represents the Verdet constant of the CSF.

For the forward propagating light beam, the Jones matrix of the CSF is obtained as [19]

J fc =
[

cos t + i βL
2

( sin t
t

) − (τL + VH L )
( sin t

t

)

(τL + VH L )
( sin t

t

)
cos t − i βL

2

( sin t
t

)

]

. (6)

For the back propagating light beam, the Jones matrix of the CSF is obtained as [19]
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where
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For the CSF in section CD, the length of the cylindrical rod and the number of the curve spirals
are both different from the CSF in section AB. In addition, the CSF in section CD is irrelevant to
the magnetic field induced by the applied stray current. Thus, for the forward and back propagating
light beam, the Jones matrices of the CSF in section CD are derived as

J fv = Jbv =
[

cos v + i β′L ′
2

( sin v
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where

ν =
√

(τ′L ′)2 + (
β′L ′/2

)2
.

The parameters L’, τ’ and μ’ represent the length, the torsion, and the curvature for the CSF
in section CD, which are obtained based on (3) to (4). The parameter β’L’ represents the linear
birefringence for the CSF in section CD, which can be obtained by reference to the βL. Moreover,
the length of cylindrical rod and the number of curve spirals are defined as Len’ and κ’, respectively.

The Jones matrices of the CSF in section EF are the same as that in section AB. And the Jones
matrices of the CSF in section GH are the same as that in section CD. Thus, according to (6) to (8),
the Jones matrix of the sensor head can be derived as

J s = JbcJ bvJ bcJ bv︸ ︷︷ ︸
The first turn

· · · JbcJ bvJ bcJ bv︸ ︷︷ ︸
The N th turn︸ ︷︷ ︸

Back Propagation

·Jm · J fv J fcJ fv J fc︸ ︷︷ ︸
The N th turn

· · · J fv J fcJ fv J fc︸ ︷︷ ︸
The first turn︸ ︷︷ ︸

Forward Propagation

(9)

where Jm represents the Jones matrix of the mirror.
When the applied stray current is equal to 0 A, the Jones matrix of the sensor head is defined as

J s0, which is the special case of (9). In this case, the Jones vector of the output signal from the PBS
is defined as Es. Moreover, when the applied stray current is not equal to 0 A, the Jones vector of
the output signal from the PBS is defined as Ed. The vectors Es and Ed can be given by

E s = Jp c · J s0 · Jp · E i ; E d = Jp c · J s · Jp · E i (10)

where Jp represents the Jones matrix of the polarizer, and Jp c represents the Jones matrix of the
PC; E i is the Jones vector of the light beam from the SLD source.

Vol. 9, No. 1, February 2017 6800814



IEEE Photonics Journal Stray Current Sensor Based

Compared with [20], a quadrature processing is improved for the output signal. An actual output
(AO) and independent of the input optical power is obtained as

AO = (Pdx − Psx ) − (
Pdy − Psy

)

Psx+Psy
(11)

=
[
E d (1) E d (1)∗ − E s (1) E s(1)∗

]− [
E d (2) E d (2)∗ − E s (2) E s(2)∗

]

E s (1) E s(1)∗ + E s (2) E s(2)∗

3. Parameter Optimization of Sensor Head
The known parameters of our sensor head include n1 = 639.7/m; n2 = 545.2 /m; a =
32 mm; b = 54 mm; r = 2 mm; V = 0.804 urad/A, and the unknown parameters include Len,
Len’, κ and κ’. It is noted that the lengths of each curve spiral h and h’ are equal to Len/κ and
Len’/κ’ in sections AB and CD, respectively. Obviously, these unknown parameters are critical
for the output error reduction. According to [7], the current must be measured with accuracy to
within ±0.2% in the electricity metering applications and ±1% for substation protection purposes.
However, there have been no standards for referencing in determining the accuracy for stray cur-
rent measurement. According to Faraday’s law of electrolysis [21], the corrosion amount of buried
pipeline is about 2354.5 g at 1 A stray current in a year (about 365 days). In practice, the corrosion
status of the buried pipeline can be accurately determined when the corrosion amount reaches
2345.1 g. Thus, the stray current measurement accuracy should be controlled within ±0.4%.

If the linear birefringence is completely suppressed by the circular birefringence produced from
CSF, the Jones matrices of the sensor head with and without the applied stray current will be
given by

J l =
[− cos (2VH L ) sin (2VH L )

sin (2VH L ) cos (2VH L )

]

; J l0 =
[−1 0

0 1

]

. (12)

Thus, the desired output (DO) of stray current sensor can be derived as

DO =
[
E ld (1) E ld (1)∗ − E ls (1) E ls(1)∗

] − [
E ld (2) E ld (2)∗ − E ls (2) E ls(2)∗

]

E ls (1) E ls(1)∗ + E ls (2) E ls(2)∗
(13)

where Els = Jpc·Jl0·Jp·Ei and Eld = Jpc·Jl·Jp·Ei. In addition, the output error (OE) can be derived
based on (11) and (13), which is given by

OE =
∣∣∣∣
AO − DO

DO

∣∣∣∣ × 100%. (14)

Two simulations have been conducted to demonstrate the relationship between the OE and the
unknown parameters, that is, Len, Len’, κ and κ’. The applied current is set as 20 A during the two
simulations. In the first simulation, these four unknown parameters are set as 700 mm, 650 mm,
13 and 9, respectively. For the CSF in section AB, the same goes for that in section EF, the BLB
is about 15.3 deg based on (5), respectively. And the BLB is about 4.4 deg for that in sections CD
and GH. In the second simulation, the four unknown parameters are set as 900 mm, 700 mm, 11
and 14, respectively. The BLB are about 3.7 deg in sections AB and EF. And the BLB is about
20.5 deg in sections CD and GH. Moreover, during these two simulations, the TLB is set within the
range from 0 deg to 1000 deg for each section, which may induced by the BLB variation as the
temperature changes or the expansion coefficient difference between the CSF and the cylindrical
rod. The output error curves of these two simulations are shown in Fig. 3(a) and (b), respectively.
In Fig. 3, the output error is found to be not larger than 0.4% within several limit ranges. For the
first simulation, the range is between 0 deg and 306 deg. For the second simulation, the range
is between 0 deg and 330 deg. However, the desired result is that the OE is smaller than 0.4%
when the TLB is in the range from 0 deg to 1000 deg. These two simulations indicate that the

Vol. 9, No. 1, February 2017 6800814



IEEE Photonics Journal Stray Current Sensor Based

Fig. 3. Output error curves based on two simulations: 1. (a) Len = 700 mm, Len’ = 650 mm, κ = 13
and κ’ = 9. (b) Len = 900 mm, Len’ = 700 mm, κ = 11 and κ’ = 14.

unknown parameters have an important effect on the OE. Thus, the unknown parameters need to
be optimized.

The genetic algorithm (GA) is applied to determine the optimal results of the unknown parameters
in this work. In the GA, each individual in the population represents a possible solution of the
unknown parameters, which is characterized by a 32-bit string of 0s or 1s. In each individual, the
first 6 bits, the seventh to 12th bits, the 13th to 22th bits and the last 10 bits corresponds to κ,
κ’, Len, and Len’, respectively. There are 80 individuals in the population. A fitness function is
required to investigate what the fitness level is for each individual [22]. And the output error OE is
set as the fitness function (Fit). The GA begins its evolution process from a random population.
The evolution process is repeated a predetermined number of generations [23]; thereafter the GA
stops and the optimal parameters can be determined from the final solution with the smallest OE. In
each generation cycle, the population of solutions is subjected to the action of specially constructed
genetic operators: selection, crossover, and mutation [24]. First, the selection process is based
on probability, i.e., solutions evaluated with higher Fit values are most likely to be selected for the
next generation, while those with low Fit values will most likely not survive. This work uses the
roulette wheel scheme as the selection operator [23], [24]. Once the superior solutions have been
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Fig. 4. Flowchart of parameters optimization based on genetic algorithm.

selected, the crossover process randomly chooses two selected solutions (i.e., parents), exchanges
their bit information, and then generates two further solutions (i.e., offspring). This process is used
to select the good genes accumulated from the parents’ generation with the intention that these
genes will produce even better individuals. Finally, if the GA relies simply on the crossover process
to reproduce the offspring, the individual cannot evolve with the new feature [22]. The mutation
process causes an existing individual to be modified and, hence, introduces an additional variability
into the population [24]. This process helps to prevent the GA from getting trapped in a local optimal
solution. The three operations will be iteratively performed in the GA process, and the GA process
continues to evolve endlessly without setting termination conditions. Therefore, the termination
condition is set to 200 evolutionary generations. The process flow for the GA used in our study is
shown in Fig. 4, and the fitness function evaluation process is shown in the dotted box.

The evaluation process of genetic algorithm is shown in Fig. 5(a). And the Fit of the best individual
is about 0.1644% in the maximum generation. After decoding the best individual, the optimized
parameters are obtained, that is, Len = 1024 mm, Len’ = 876 mm, κ = 35, and κ’ = 28. In the
range of TLB from 0 deg to 1000 deg, the OEs are all not larger than 0.4% shown in Fig. 5(b). It is
found that the maximum OE is 0.1644% at 656 deg, which is consistent with the evaluation result.
It indicates that the optimized results of genetic algorithm are accurate. Furthermore, the feasibility
of these optimized results needs to be verified for other current, because these optimized results
are obtained at 20 A. And the verification result is shown in Fig. 6. It is found that the OE is not
larger than 0.4% within the range from 1 A to 20 A. For example, the maximum OE is found to be
0.2577% at 5 A, 0.2382% at 10 A, and 0.2077% at 15 A. It means that these optimized results are
applicable to the whole measurement range of stray current sensor. Next, the stray current sensor
will be fabricated based on these optimized results. Moreover, the temperature experiments will be
conducted to test the performance of the optimized sensor.
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Fig. 5. Optimization results using genetic algorithm. (a) Evaluation process of genetic algorithm. (b) OE
at 20A in the range of the TLB from 0 deg to 1000 deg based on the optimized parameters.

Fig. 6. Output error within the range of the experiment current from 1 A to 20 A.
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Fig. 7. Reference sensor configuration and the test results at 20 °C. (a) Reference sensor configuration.
(b) Test results of the reference sensor. (c) Test results of the proposed sensor.

4. Temperature Experiments
The performance of stray current sensor with the all-side CSF is evaluated with reference to that
without the CSF, and the detailed configuration of the reference sensor is shown in Fig. 7(a). For
these two sensors, the most of the design parameters are the same except for the installation
methods of sensing fibers, and the sensing fibers are both the low birefringent fibers (Oxford
Electronics Co. Ltd., model LB 1550-125). The numbers of turns of sensing fiber are both only
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Fig. 8. Output error of the sensor without the CSF in the range of TLB from 0 deg to 1000 deg.

one. It means that the intrinsic linear birefringence of sensing fiber can be neglected. Moreover, for
the reference sensor, the circular birefringence can be approximated to zero because the sensing
fiber is not twisted. According to the test method presented in [3], the sensitivity of the reference
sensor is about 0.0416 /A at 20 °C, which is shown in Fig. 7(b), and the sensitivity of the proposed
sensor is about 0.0424 /A at 20 °C, which is shown in Fig. 7(c). Fig. 7(b) and (c) also show the
measurement error curves. It can be found that the maximum error is obtained at the low current
that is not greater than 5.0 A. And the maximum error is about 0.46% for the reference sensor
while it is about -0.37% for the proposed sensor. It indicates that the proposed sensor has a better
accuracy than the reference sensor at the low current. In addition, the effect of the TLB on the OE
of reference sensor is simulated, which is shown in Fig. 8. It can be found that the OE is great in
the range of the TLB from 0 deg to 1000 deg. For example, the maximum OE is about 135.04% at
5 A, 136.03% at 10 A, 137.79% at 15 A, and 140.49% at 20 A, respectively.

The temperature experiments are conducted for these two sensors. In these experiments, the
central wavelength of the SLD source (EXFO Co. Ltd., model FLS-2200) is about 1550 nm. Its 3 dB
spectral width is about 56 nm. The extinction ratio of the polarizer is about 35 dB. The coupling ratio
of the coupler is about 50:50. The OPM are also produced by EXFO Co. Ltd. (model PM-1623).
Moreover, the experiment temperature is in the range from 0 °C to 30 °C. The platinum resistance
is applied as the temperature sensor, and its detection accuracy is about 0.2% in the range from
0 °C to 30 °C. The measurement result of a digital multimeter (Agilent Co. Ltd., model U3402A) is
used as the standard value of the experiment current. It is noted that the DC current accuracy of
this multimeter is about 0.05% while the measuring range higher limit is 12 A. And the DC voltage
accuracy is about 0.012% while the measuring range lower limit is 120 mV. If the experiment current
is greater than 12 A, a precision shunt (type 25A/250mV) should be required. In the sensor head,
for sections AB and EF, the length of the cylindrical rod is about 1024 mm while the number of
curve spirals is about 35. For sections CD and HG, the two parameters are about 876 mm and 28,
respectively.

Four temperature experiments have been conducted. And these experimental results are shown
in Fig. 9. In the first temperature experiment, the standard value of the experiment current is about
5.0 A. When the sensor without CSF is applied, the measured current curve is shown as Fig. 9(a),
which is within the range from 4.905 A to 5.389 A, and the maximum measurement error is about
7.77%. Moreover, when the sensor with all-side CSF is applied, the measured current curve is
shown as Fig. 9(b), which is within the range from 4.992 A to 5.013 A, and the corresponding
measurement error is within the range from -0.17% to 0.26%. In the second experiment, the
standard value is about 10.0 A. And the experiment results are shown in Fig. 9(c) and (d). For the
first case, the measured current is in the range from 9.872 A to 10.749 A, and the maximum error is
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Fig. 9. Temperature experiment results. (a) Sensor without CSF at 5.0 A. (b) Sensor with all-side CSF
at 5.0 A. (c) Sensor without CSF at 10.0 A. (d) Sensor with all-side CSF at 10.0 A. (e) Sensor without
CSF at 15.0 A. (f) Sensor with all-side CSF at 15.0 A. (g) Sensor without CSF at 20.0 A. (h) Sensor
with all-side CSF at 20.0 A.
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about 7.49%. For the second case, the measured current is within the range from 9.978 A to 10.019
A. And the corresponding error is within the range from -0.225% to 0.191%. In the third experiment,
the standard value is about 15.0 A. And the experiment results are shown in Fig. 9(e) and (f). For
the first case, the measured current is in the range from 14.794 A to 15.998 A, and the maximum
error is about 6.65%. For the second case, the measured current is within the range from 14.953
A to 15.044 A. And the corresponding error is within the range from -0.31% to 0.29%. In the last
experiment, the standard value is about 20.0 A, and the experiment results are shown in Fig. 9(g)
and (h). For the first case, the measured current is in the range from 19.737 A to 21.355 A, and
the maximum error is about 6.78%. For the second case, the measured current is within the range
from 19.955 A to 20.057 A, and the corresponding error is within the range from -0.23% to 0.29%.
According to these above experiment results, the measurement errors are all not larger than 0.4%
based on the proposed sensor with all-side CSF. Thus, it indicates that this sensor with all-side
CSF has the good performance in the varying temperature condition.

5. Conclusion
In this paper, the stray current sensor based on an all-side CSF is firstly proposed. And the Jones
matrix of sensor head is derived based on geometric rotation effect. The output representation of the
proposed stray current sensor is also obtained. Moreover, the effect of the characteristic parameters
of sensor head on the output error is evaluated, and the genetic algorithm is applied to optimize
these characteristic parameters in the range of the temperature-induced linear birefringence from
0 deg to 1000 deg. The optimization results include: Len = 1024 mm, Len’ = 876 mm, κ = 35
and κ’ = 28. The temperature experiments are conducted to test the performance of the proposed
stray current sensor with reference to that without CSF, and the experiment current is 5.0 A, 10.0
A, 15.0 A and 20.0 A, respectively. The experiment results indicate that the measurement error
of the proposed stray current sensor is not larger than 0.4%, which can be suit for the stray
current measurement in an urban rail transit system. The results can also provide reference for
the elimination of the temperature-induced linear birefringence in the interferometer OFCS and the
polarization-interference-based fiber vibration sensor.
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[13] K. Bohnert, P. Gabus, J. Nehring, and H. Brändle, “Temperature and vibration insensitive fiber-optic current sensor,”
J. Lightw. Technol., vol. 20, no. 2, pp. 267–276, Feb. 2002.

[14] N. Peng et al., “Fiber optic current sensor based on special spun highly birefringent fiber,” IEEE Photon. Technol. Lett.,
vol. 25, no. 17, pp. 1668–1671, Sep. 2013.

[15] G. M. Müller, X. Gu, L. Yang, A. Frank, and K. Bohnert, “Inherent temperature compensation of fiber-optic current
sensors employing spun highly birefringent fiber,” Opt. Exp., vol. 24, no. 10, pp. 11164–11173, 2016.

[16] M. Segura et al., “Low birefringence measurement and temperature dependence in meter-long optical fibers,” J. Lightw.
Technol., vol. 33, no. 12, pp. 2697–2702, Jun. 2015.

[17] C. D. Perciante and J. A. Ferrari, “Cancellation of bending-induced birefringence in single-mode fibers: Application to
Faraday sensors,” Appl. Opt., vol. 45, no. 9, pp. 1951–1956, 2006.

[18] E. M. Frins and W. Dultz, “Rotation of the polarization plane in optical fibers,” J. Lightw. Technol., vol. 15, no. 1,
pp. 144–147, Jan. 1997.

[19] P. Tantaswadi, “Simulation of birefringence effects in reciprocal fiber-optic polarimetric current sensor,” in Proc. SPIE,
Bellingham, WA, USA, 2001, pp. 158–164.

[20] I. M. Nascimento, A. C. S. Brı́gida, J. M. Baptista, J. C. W. A. Costa, M. A. G. Martinez, and P. A. S. Jorge, “Novel
optical current sensor for metering and protection in high power applications,” Instrum. Sci. Technol., vol. 44, no. 2,
pp. 148–162, 2016.

[21] F. C. Strong, “Faraday’s laws in one equation,” J. Chem. Educ., vol. 38, no. 2, p. 98, 1961.
[22] G. Rudolph, “Convergence analysis of canonical genetic algorithms,” IEEE Trans. Neural Netw., vol. 5, no. 1, pp. 96–101,

Jan. 1994.
[23] M. Srinivas and L. M. Patnaik, “Genetic algorithms: A survey,” Computer, vol. 27, no. 6, pp. 17–26, Jun. 1994.
[24] S. K. Teegala and S. K. Singal, “Optimal costing of overhead power transmission lines using genetic algorithms,” Int.

J. Elect. Power, vol. 83, pp. 298–308, 2016.

Vol. 9, No. 1, February 2017 6800814



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


