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Abstract. Digital Twin technology as an idea of implementing simulation mod-
els of particularly every physical entity became universally adopted in the last
five years thanks to a huge leap in computer hardware performance and soft-
ware tools evolution. The early pioneers of Fiber Optic Current Sensors (FOCS)
technology in the late 90-th had no access to such an advanced research tool as
digital twin of the product being developed. As a result, nowadays FOCS remain
undervalued due to its legacy problems including the lack of stability and high
cost. However, the Connected World, Industrial Internet of Things open the great
opportunities for new metering technologies in power grid. The modern computer
simulation approaches helped us in this challenge to bypass the caveats of FOCS,
to understand and improve this technology making it more accurate, robust and
more competitive in its field.
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1 Introduction

The fourth industrial revolution aims to higher the efficiency of every production by
increasing the transparency of every facility and process. Basically, this means first
acquiring multiple measurements at every step in the digital form. In power grid, this
tendency is implemented with replacing legacy analog voltage and current sensors with
digital devices and an ecosystem commonly called Digital Substation technology. These
digital measurement devices could be both traditional measuring transformers with
analog-to-digital converters (ADCs) or implement other physical phenomena not suited
in analog era.

Due to the active introduction of digital substations and the development of Smart
Grids in the energy sector, optical current transformers have been developed for several
decades [1-3]. This technology has a number of advantages over its inductive analog
(electromagnetic current transformers), one of the main of which is the fully dielectric
structure of the device measuring part, located in the high voltage region. However,
despite all the success of developers of optical current transformers, their application in
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electrical substations is still limited due to insufficient accuracy, measurement instability
and high cost of construction.

Optical transformers that operate basing on the Faraday Effect in a special optical
waveguide are being developed to measure the amplitude and spectral distribution of
the industrial frequency current in electric networks of 110-220 kV and higher [4-7].
The sensing element of such meter is a spun fiber wrapped around a current conductor.
The phase difference between the two circularly polarized light modes is induced in the
sensitive fiber under the action of the magnetic field produced by the measured current.

To satisfy the industry demand the FOCS must meet the accuracy class 0.2 and
convert the measured values into a digital data stream in accordance with the IEC 61850-
9-2 (2011) standard. Therefore, the task of improving the accuracy and stability of such
devices is relevant.

We have built the laboratory prototype of the FOCS based on a well-known optical
scheme, which is described and studied in detail in [8]. The meter used additional phase
modulation by a harmonic signal and digital phase detection based on the ratio analysis of
modulation frequency harmonics. We used LabVIEW FPGA and National Instruments
hardware platform to rapidly implement control and demodulation functionality into the
mock-up. In addition, we have conducted a number of researches of the FOCS laboratory
prototype to improve the accuracy and stability of measurements, as well as reduce the
cost of the device [8, 9]. Our research demonstrated that the meter measurement accuracy
was influenced by a set of external factors, and it was difficult to study the system response
to each factor individually in the real prototype. In turn, a computer model of the FOCS
will allow us to study the influence of many parasitic factors separately, as well as to
check-out the signal processing algorithms, which is also necessary to provide real time
high-precision measurements.

2 Modeling Method of the Fiber Optic Current Sensor

Modeling of the FOCS was based on the formalism of Jones matrices. According to
this method, each element of the optical circuit can be represented by a 2 x 2 matrix
describing the transformation of the polarization state of light when passing through this
element. The optical scheme of the FOCS is shown in Fig. 1.
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Fig. 1. Optical scheme of the FOCS. The numbers 1-10 indicate the junctions between optical
elements or fiber splicing.
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The modulator and the quarter-wave plate can be represented by matrices of phase
plates in the basis of linear polarizations according the Eq. (1)
e‘j‘ﬂn/ 2 0 :|

(D

where ¢, is the phase difference between the polarization modes formed during prop-
agation through the element. Phase plate matrices for different elements have the same
structure, but differ in phases. In the modulator, the phase shift consists of two terms
according to the Eq. (2). The first random slowly changing value (p?nod represents the
quasi-static phase difference between the two polarization modes, and the second is
variable and is determined by the modulating signal U y04(?)

Y mod = (p?nod 4+ ky U mod (1). (2)

The quarter-wave plate introduces a phase difference between the two polarization
components equal to

T
P4 =5 +mm, 3

where m is an integer.

Rotation matrices were introduced to account for the rotation of coordinate axes to
any element of the optical scheme relative to another element or relative chosen basis
according Eq. (4)

[Rn] = [R(an)] = [ “4)

cosw, — sinay,
sinw, COSwy

where o, are the angles at the points where the fibers connect to each other or to elements.
It should be noted that in the basis of linear polarizations, the sensitive fiber is also
described by a rotation matrix. Since the plane of linear polarization of light turns at an
angle @p/2 proportional to the current due to the Faraday Effect, which is identical to
the change on ¢F in the phase difference between light modes of circular polarization.

A polarizer transmits only one polarization, which coincides with its own axis and
in the ideal case, the matrix of the polarizer has the following form

10
[P]—[OO}- &)

When the light falls directly on the mirror and then reflects off it, the direction of
light propagation changes to the opposite. Accordingly, the mirror matrix must be such
that a right-handed coordinate system is preserved. To do this, it is necessary to maintain
the direction of one of the transverse axes and change the direction of the other to the
opposite. Thus, the mirror matrix is a half-wave plate matrix [10]. Let the x-axis keep
the direction, and y-axis changes it by 180°, then the mirror matrix can be written as

10
Fmir=|:0_1:|~ (6)



376 V. Temkina et al.

In addition, when the light propagates in the opposite direction through the elements,
their matrices must be modified. If the matrix of an reciprocal element in a forward
direction is described by an equation

by blz]
B= , (7N
|:b21 b

then in the reverse direction of light propagation through this element, its matrix will
have the following form [10]
B [ bu _b21:|' )

—b1o bn

The fiber delay line in the optical circuit of the FOCS must provide such a delay
between two orthogonally polarized modes that when light propagates from the mod-
ulator to the mirror and back, the phase of the modulating voltage changes sign to the
opposite. Therefore, in the case of an ideal delay line, its influence will be taken into
account directly in the modulator matrices.

Thus, sequentially multiplying the matrices of each optical element in the order
opposite to the direction of light propagation in the scheme, we get the common matrix
of the system

“Rg-R7-Fg-Re-Rs-M -Ry-R3-P-Ry-Ry,
9

wherein [R1_1¢] is the rotation matrix by angle aj_1g, [P] is the polarizer matrix, [M]
is the modulator matrix, [F 4] is the delay line matrix, [F 4] is the quarter-wave plate
matrix, [S] is the sensor matrix, [F,;] is the mirror matrix. The numbers 1-10 indicate
the junction of optical elements or fiber splicing in accordance with Fig. 1.

When all the optical elements are ideal and oy = oy = oq = 05 = Qg = A7 = A9 =
0°, a3 = ag = 45°, ag = —45°, the common matrix of the system [T] is determined by
the following equation

(7] = 10| [cos45% —sind5° | €29 moa 0 | cos45° —sin45° |

100 sin45° cos45° 0 e—%ﬂ/) mod sin45° cos45°
. e T 0 | [ cos45° sin45°] [ cos & sin Jrof

0 7 — sin45° cos 45° —sin & cos & 0-—1

[ cos & —sin & [ cos45° sind5° | e~ T 0|
sin - cos & — sin45° cos 45° 0 7
| cos45° —sind5° | ¢~ 379 maa 0 | cos45° —sin45° | 110
sin45° cos45° 0 e 3J9 mod sin45° cos45° 00/
(10)

The common matrix of the system connects the output Jones vector, which describes
the state of light polarization at the output of the optical circuit, with the input Jones
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vector, which describes the state of light polarization at the input of the optical circuit,
according to Eq. (11)

[Dout] = [T] - [Din]. 11

Then the intensity of the light beam is calculated like
T
1=[D%]" - Doul. (12)

Finally, the received intensity is transmitted to the signal processing unit.

3 Computer Simulation of the Fiber Optic Current Sensor

3.1 Building of the Fiber Optic Current Sensor Model in LabVIEW

As the FOCS prototype control and processing algorithms were implemented in Lab-
VIEW programming environment the decision was made to develop a simulation model
using the same tools. LabVIEW is a graphical programming language that uses graphi-
cal images (icons) as functions providing a perfect clarity and traceability of code logic.
This made LabVIEW a widely adopted tool for solving various scientific and engineering
tasks, including implementation of models of fiber-optic systems [11].

It provided us such advantages as mock-up’s code reuse along with ability to add,
exclude or replace various elements of the optical scheme without rewriting the pro-
gram code. In addition, it is not always possible to conduct an analytical solving of the
influence of parasitic factors. Prototype measurement error and analysis are significantly
complicated by the presence of all disturbing factors simultaneously. In this regard, the
proposed FOCS simulation allows to significantly simplify the analysis. It does not
require to derivate the analytical formula, it is only needed to set parameters for the
model, for example, the frequency and amplitude of the modulation, as well as to set
parameters for external influences.

Each matrix in Eq. (10) was modeled as a separate virtual instrument (VI), storing
in LabVIEW and being called in the common program for the FOCS model. Figure 2
shows the program code that forms the rotation matrix.

Angle of rotation, deg
o |> I> | EEAS ' = : Rotation matrix

: v
S e

Fig. 2. Program code in LabVIEW for forming the rotation matrix.

Figure 3 shows a part of the common program for the FOCS model. It demonstrates
the matrix of circuit elements as VI and their connection in the common program. The
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Fig. 3. FOCS modeling in LabVIEW (the part of block diagram).

advantages of this approach are visibility and the ability to add, exclude or replace
various optical elements without rewriting the program code, because the matrices of
each element are located in separate frames.

The FOCS model used additional phase modulation with a 40 kHz harmonic signal
and digital phase detection based on the analysis method of the harmonics ratio of
modulation frequency [8]. A harmonic signal with a frequency of 50 Hz was set as a
signal simulating an electric current and acting on a sensitive fiber. Thus, the real-time
FOCS model generated the raw interference signal that arises at the output of the sensor
optical circuit when magnetic field is exposed to the sensor fiber, as well as demodulated
signal that characterized this effect (see Fig. 4). This output signal set corresponds to
the real laboratory prototype of the FOCS.

Based on Fig. 4, it can be seen that the demodulated signal is identical to the measured
harmonic current signal with a frequency of 50 Hz. The developed model, implemented
in LabVIEW, describes the actual physical processes occurring in the FOCS. The result
of the simulation is fully confirmed by measurements of the FOCS laboratory prototype.
In addition, the model can be used for debugging FOCS signal processing algorithms,
since it is optimized for both floating-point and fixed-point values, which is necessary
for implementing the code on the FPGA.

The FOCS measurement error and its analysis are substantially complicated by the
presence of all external parasitic factors at the same time. In this regard, the developed
FOCS model will simplify the study. For example, we can add noise to the system,
polarizing mismatches at the junctions of fibers, take into account the imperfection of
the quarter-wave plate and individually research the influence of each factor on the
measurement accuracy.
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Fig. 4. Interference signal (on the right), demodulated signal and its spectrum (on the left),
obtained during the FOCS modeling.

3.2 Influence of Polarization Mismatches on the Accuracy of Fiber Optic Current
Sensor Measurements

The case of polarization mismatches occurrence in the circuit element located after
modulator and before the sensitive element, namely at point 8 of the FOCS optical
circuit, was investigated. For this purpose, we assume og 7# 45° (see Fig. 1).

Using the developed model, the dependence of the measured current amplitude error
and the total harmonic distortion on the angle of mismatch at point 8 was obtained (see
Fig. 5). The demodulated signal and its spectrum in the ideal case and with polarization
mismatch by 10° demonstrated on the Fig. 6.
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Fig. 5. Current amplitude error vs. Angle of polarization mismatch at point 8 (on the left). The
total harmonic distortion vs. Angle of polarization mismatch at point 8 (on the right).

The research showed that the permissible tolerance of polarization mismatches at
one of the optical circuit points located after the modulator and before the sensitive fiber
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Fig. 6. Demodulated current signal and its spectrum. The angle of polarization mismatch at point
8 is 0° (on the left) and 10° (on the right).

is £2° to achieve the FOCS accuracy class 0.2. In addition, the average level of the
interference signal at the output of the optical circuit decreased by 9% with a mismatch
angle of 10°.

3.3 Influence of Quarter-Wave Plate Imperfections on the Accuracy of Fiber
Optic Current Sensor Measurements

The fiber quarter-wave plate is one of the most important elements of the FOCS optical
circuit and the most difficult element in manufacturing. It is used to convert linearly
polarized light modes into circularly polarized modes. This is necessary because the
circularly polarized optical radiation is preserved in the sensitive spun fiber. In addition,
when reflected from a mirror, modes with circular polarization change the direction of
rotation to the opposite. Therefore, when the light passes back through the quarter-wave
plate, the x-mode turns into the y-mode and vice versa. As a result, the sensor’s current
sensitivity is doubled.

A quarter-wave plate is a small piece of birefringent fiber only a few millimeters in
size, but the accuracy of the entire huge system depends on it. Because of the research,
it was found that the incorrect manufacturing of a quarter-wave plate, expressed in a
mismatch in its length, leads to a significant increase in the current amplitude error and
the appearance of nonlinear distortions (see Fig. 7 and Fig. 8).

In difference from the effect of polarization mismatches at the points of element
junctions or fiber splicing, the quarter-wave plate also affects the contrast of the inter-
ference signal at the output of the optical circuit (see Fig. 9). The signal contrast was
calculated using the equation

Loax — I
vy =22 " 100%, (13)

I max I min

where [ is the signal intensity at the optical circuit output.
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Fig. 7. Current amplitude error (on the left) and Total harmonic distortion (on the right) vs. length
of phase plate.
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Fig. 8. Demodulated current signal and its spectrum in the case of ideal quarter-wave plate (on
the left) and a phase plate with a length of 0.1\ (on the right).

This shows that imperfect quarter-wave plates reduce the signal contrast and thereby
limit the dynamic range of the current sensor. It is due to the fact that modes with
elliptical polarization are formed at the output of the phase plate. These modes are not
converted to orthogonal modes when reflected from a mirror. As a result, when light
passes back through the phase plate, the output is again elliptically polarized modes,
rather than linear ones [7].

Thus, the permissible tolerance of the error of the quarter-wave plate length is £0.01\
to achieve the FOCS accuracy class 0.2. In these error margins the contrast of the
interference signal is reduced by only 0.62%.

A similar study was conducted with the FOCS mock-up. The results of the experi-
ments coincided with the simulation results. It confirmed the efficiency of the developed
model and the relevance of its application for finding ways to eliminate the overall FOCS
eITors.
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Fig. 9. Contrast of the interference signal vs. length of phase plate.

4 Conclusion

As aresult of the research, the FOCS model was developed based on the Jones matrices
formalism instead of physical object. Implementation of the model in the LabVIEW
programming environment allowed us to study the sensor operation without analytical
derivation of formulas. Experiments have shown that the developed model is a digital
twin of the FOCS real prototype. The influence of polarizing mismatches in the places
of fiber splicing or junctions between optical elements, as well as the incorrectness of
manufacturing a quarter-wave plate on the accuracy of current sensor measurements was
studied. When polarizing mismatches are introduced, the amplitude error of the current
sensor and the non-linearity of the output signal increase. While the imperfection of the
quarter-wave plate also affects the contrast of the interference signal at the optical circuit
output, and therefore the dynamic range of the device. In order for the FOCS meets the
accuracy class 0.2, it is necessary to ensure that the error of junctions between elements
is not more than 4-2° and the error of manufacturing a quarter-wave plate is not more
than £0.01\. The results of the experiments with the real prototype coincided with the
simulation results.

The other advantage of the developed model is the fact that the program code is
optimized for implementation on the FPGA but with the benefits of high-level debugging
tools. In addition thanks to the LabVIEW features the model appears extremely flexible
and reconfigurable to implement alternative FOCS schemes, which allows us to explore
the sensor in various configurations.
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