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Abstract: Optical current sensors have been developed and improved in recent decades, and their use has been
widespread in power systems, including smart grids. Like any measuring instrument or system, the result of
its measurements is associated with a measurement uncertainty, which quantifies its precision. This article
presents a review of the main uncertainty contributions that affect the quality and performance of optical
current sensors.
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1. Introduction

Electromagnetic induction current transformers (CTs) are measuring equipment of significant
importance in power systems, being used for the most diverse purposes, through the measurement
of high voltage electric current. Optical current sensors (OCSs) have many advantages over
conventional CTs, such as: reduced weight and dimensions, facilitating installation, maintenance and
use in remote or difficult-to-access areas; operational safety, as they constructed with dielectric
materials and potential catastrophic events will not cause explosions as in the case of conventional
oil-filled transformers - in addition to that there will be no critical situations of opening the secondary
of the current transformers; linearity throughout its dynamic range; relative lower prices; wide
bandwidth; absence of magnetic saturation effects; electromagnetic immunity (as they are non-
electric sensors); AC and DC measurements; and low power consumption [1-3].

However, despite the extensive list of advantages of optical current sensors over conventional
sensors, current transformers are still known to be reliable in terms of accuracy and long-term
stability. OCSs evaluations regarding these characteristics have not yet yielded conclusive or
definitive results. This is one of the reasons why their use has not yet been disseminated, and it is the
current challenge for the development of OCSs [4-7].

Optical current sensors have several components, each of which has behavior and performance
that contribute to the measurement uncertainty of these sensors, some of which are insignificant and
others more significant, depending on the situation and characteristics of the measurement process
where the sensor it is inserted. There is still little literature available on discussions about the
modeling and quantification of each of the OCS uncertainty sources, and their combination to obtain
sensor measurement uncertainty.

In this paper, the main sources of uncertainty that affect the performance of optical current
sensors based on the Faraday effect are presented. Some proposals for modeling, classifying and
quantifying these sources of uncertainty are also presented, with the aim of obtaining the
measurement uncertainty of these sensors. This paper is divided as follows: section 2 presents the
operating principle and the main characteristics of optical current sensors that are relevant for
estimating their measurement uncertainty; Section 3 presents the main uncertainty contributions that
affect the performance of OCSs. Section 4 analyzes possible statistical modeling of uncertainty
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contributions to enable the estimation of measurement uncertainty of the OCSs. Finally, section 5
presents some conclusions.

2. Optical Current Sensors

Currently, optical current sensors are used for the most diverse purposes in electrical power
systems, such as control, protection, revenue metering, power quality monitoring, measurement of
the arbitrary form of primary current, and measurement of current transients and impulses [8,9].
Rose et al. [10] presented the use and performance of optical current sensor with inline-Sagnac
interferometer, using a spun polarization maintaining fiber as sensing element, in measurement and
protection applications in high voltage alternating current systems, and in control, measurement and
protection applications in power systems in high voltage direct current (HVDC) systems. In the area
of protection of power systems, Azad et al. [11] present a data-based primary fault detection and
identification algorithm for HVDC grids where current measurements are performed by OCSs. The
algorithm benefits from the wide bandwidth of OCSs. Lei et al. [12] proposed a method for
measurement of transformer inrush current using an OCS, taking advantage of its immunity to the
effects of magnetic saturation. Ivanov et al. [13] provided a comparison between CTs and OCSs
measurements of a 250 MV A auto-transformer re-energizing inrush current, obtained during a field
test at a 500 kV substation.

Applications of OCSs in high voltage substations usually require accuracies down to 0.2%, often
over a temperature range of tens of degrees Celsius. However, research has shown that ensuring this
accuracy is challenging. Several influence factors, such as mechanical disturbances, temperature
variation effects on the optical elements, vibration, residual linear birefringence inside the sensing
coil and others deteriorate the performance of OCSs [14,15].

Regarding smart grids, they have been disseminated in recent years, and their monitoring is
increasingly crucial for their reliable and safe operation, which is carried out through sensors that
measure generation and consumption of energy, characterize operating states and detect the current
topology of the network. In electrical systems, the most important electrical parameters to be
measured are voltage and current. Considering that optical current sensors have the advantages of
reduced weight and dimensions, facilitating their installation and maintenance, even allowing the
measurement of electrical current without contact with the primary circuit, and still have relatively
low prices, they become promising alternatives for use in smart grids [1,16].

The optical sensors discussed in this paper have their operating principle based on the Faraday
Effect. The Faraday effect describes the relation between light and magnetic field. Also called the
magnetic-optical effect, and first observed by the English physicist Michael Faraday in 1845, this
phenomenon consists of the rotation of the polarization direction of a linearly polarized (LP) light
wave when subjected to the action of a magnetic field throughout its propagation in a transparent
medium. The Faraday rotation angle 6 resulting from propagation along a path L under the action
of a magnetic field B is given by:

0r =f V(4,T).B.dL 1)


https://doi.org/10.20944/preprints202401.0981.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 January 2024 doi:10.20944/preprints202401.0981.v1

Figure 1. Faraday effect in linearly polarized light [17].

The measurement of the Faraday rotation angle can be performed using two methods:
polarimetric and interferometric detection. In the polarimetric method, the intensity change due to
polarization rotation from the induced magnetic field generated by current is detected. A LP light
wave is injected into the optical sensor that will measure the electric current. The light wave is then
analyzed at the output of the sensor using a second polarizer and a photodetector. The analyzer and
photodetector combination converts and modulates polarized light into an electrical signal, which in
turn corresponds to electric current to be measured [18,19]. The bandwidth of the polarimetric
detection scheme is only affected by the response speed of the detector, and its upper measurement
frequency can be up to 100 MHz, so it can be used for transient current measurements. Polarimetric
devices are severely susceptible to the effect of linear and circular birefringence, which can cause
distortion of the polarization rotation, as well as reducing sensor accuracy and sensitivity. This results
in false current readings from these perturbations [20].

In the interferometric method, the linear polarization of light is divided into two orthogonal
circular polarizations light waves: one with circular polarization on the left and one on the right.
When light waves pass through the sensor, the magnetic field that is created by the current being
measure slows down one component and speeds up the other, due to the Faraday effect. The change
between the two circular polarized light waves can be used as detection signal [21,22].

OCSs can have two types of structure, regarding the enclosure of the conductor of the electrical
current to be measured by the sensing element: closed-core sensors completely surround the current
conductor, and for this reason they are less susceptible to certain types of influences, such as vibration
and that from stray magnetic fields. Open-core sensors do not completely surround the conductor
and are therefore more susceptible to vibration and stray magnetic fields but are easy to install and
use [23].

According to their sensing element, OCSs can be classified into two main groups: bulk sensors
and fiber sensors. The first group uses a magneto-optical glass structure as a sensor element, with a
high Verdet constant. The sensor can be used involving the entire conductor of the current to be
measured or only part of it. The problem with using this type of sensor is the influence of external
magnetic fields, like those generated by other adjacent current conductors. For example, in three-
phase transmission lines, adjacent conductors are in parallel directions, so that the external magnetic
field is orthogonal to the current to be measured. Bulk sensors have some advantages over fiber
sensors: in addition to having a higher Verdet constant, they are smaller and more mechanically rigid,
in such a way that mechanical gradients, thermal variations, vibrations and external noise do not
significantly alter performance. Furthermore, due to its low photoelastic coefficient, birefringence
linear is very small, which allows to obtain sensors with high sensitivity [17,23,24].

In fiber optic current sensors, the sensing element is the fiber itself. The main advantage of these
sensors is the possibility of involving the entire conductor of the electrical current to be measured.
The sensitivity of this sensor can be adjusted by increasing or decreasing the number of fiber turns
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around the conductor. This way, the sensor can use several meters of fiber, which will make it more
sensitive to environmental variables, such as temperature and vibration, when compared to bulk
sensors. However, as the fiber optic sensor forms a closed path along the electrical current conductor,
it becomes insensitive to external magnetic fields [17].

Figure 2 shows an OCS block diagram. This is useful to identify and classify uncertainty sources.
In an OCS, a light wave is launched from an optical source, passes through a linear polarizer, and
becomes LP light. This LP light propagates through a magneto-optical material along the external
magnetic field produced by the electric current to be measured (the sensor itself). The detector part
of an OCS converts the measurement of the rotation angle to an electric signal and digitizes it through
an analog-to-digital (A/D) card. A software then processes the digital signals and presents to the user
the measured current.

Light source +
polarizer

Sensor

Software Detector

Measurement

Figure 2. OCS basic block diagram.

3. Uncertainty Sources

This section presents and discusses the most important contributions to OCS measurement
uncertainty. Some of the most important uncertainty contributions are those due to the influence of
temperature, vibration, birefringence and the aging of optical devices and signal processing on the
sensors [10,25,26].

3.1. Temperature

Temperature contributes to OCS measurement uncertainty due to the main following
mechanisms: (a) temperature fluctuations change the wavelength of light generated by the light
source, thus modifying the Verdet constant of the optic material and the Faraday rotation measured
by the OCS; (b) As the Verdet constant of the optical material depends on the temperature, it will
fluctuate with temperature variations; (c) temperature fluctuations change metrological properties of
optoelectronics components used in the OCS, such as photodiodes and data acquisition units; (d)
birefringence of the optic material varies with temperature variations. When modeling uncertainty
contributions arising from temperature, two main situations can be established: one in which
temperature fluctuations during measurement modify the performance of the sensor and its
components and another where the sensor is used at a temperature different from that at which it
and its components have been calibrated.

Many temperature compensation schemes have been proposed and can be found in the
literature [27-30]. Despite this, the residual temperature needs to be quantified and have its influence
on the uncertainty of the measurement evaluated.

Hoffman [31] presented the variation of the Verdet Constant of different optical glasses
according to the wavelength in the visible spectral range. It was observed that glasses with a higher
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concentration of PbO presented higher Verdet constants. Miiller et al. [32] demonstrated a method
for self-compensation of the change in the response of an interferometric fiber optic current sensor,
caused by deviations in the wavelength of the light emitted by the light source caused by temperature
variations. This variation of sensor response with respect to wavelength variation is reduced from
more than 1% to <0.2%, in wavelength ranges of at least 10 nm around 1305 nm. Chen et al. [33]
measured the average wavelength variation of a superluminescent diode (SLD), in the temperature
range of 15 °C to 45 °C. When the temperature varies, the variation in the average wavelength has a
linear trend. A variation in wavelength of about +0.6 nm/K was measured, in the wavelength region
of 1310 nm.

Williams et al. [34] measured the temperature dependence of the Verdet constant of SiOz, SF-57
and BK-7. The Verdet constant variation per K was about (1.3 £ 0.08) x 10+ for SF-57, about (0.7 + 0.03)
x 104 for SiOz2and (0.6 + 0.06) x 10 for BK-7. When the optical material has a high Verdet constant,
and its linear thermal expansion coefficient is much lower than its coefficient of relative variation of
Verdet constant as a function of temperature, its length temperature-induced variation becomes non-
significant. For example, for the SF-57 glass, linear thermal expansion coefficient is 8.3 x 10-¢ per Kin
the range of -30 °C to 70 °C, about 16 times lower than relative change of Verdet constant due to
temperature [35].

Temkina et al. [15,36] proposed a method for compensating the response variation of a fiber
optic current sensor with an interferometric detection scheme, due to the dependence on the
temperature of the fiber quarter-wave plate. The maximum deviation using the proposed method
was +0.2% on the temperature range of 10°C to 50°C. It was also presented that the errors due to
dependence of the temperature of the circulator and electro-optical modulator were non-significant,
but errors of the fiber delay line and the spun fiber used as sensing element due to temperature
variation were significant.

3.2. Vibration and impact

For OCSs with an open core, the conductor of the electrical current to be measured is not
surrounded by the optical material of the sensor, meaning that the line integral of the magnetic field
along the optical path is not equal to the total current. However, a linear relationship between sensor
measurement and electrical current can be determined based on the geometry and distribution of the
field. Vibration causes variations in the relative position between the sensor and conductor, which in
turn cause variations in the distribution of the magnetic field across the sensor, introducing changes
in the sensor response. Samimi et al. [37] showed that vibration causes large error in open-core OCSs.
This error becomes smaller with the increase of distance between the sensor and conductor, the
conductor radius or the sensor length. Deviations on OCS accuracy were about +0.5 % for a vertical
displacement of +0.5 mm when sensor head and the conductor were 7.5 cm apart.

Short et al. [18] showed that OCSs with a polarimetric detection method cannot differentiate an
acoustic vibration disturbance detected in the sensing element from the electrical current to be
measured. They also showed that the OCSs with in-line Sagnac interferometer are immune to acoustic
vibrations in the sensing element, however they are more sensitive to vibrations that occur further
away from this sensing element.

Xueming et al. [38] presented an analysis of errors caused by linear stress on inline- Sagnac fiber
OCSs under impact. A bias error, which is mainly caused by the stress acting on the delay coil leading
to a non-reciprocity birefringence, was found.

3.3. Stability

The detector module of an OCS uses optoelectronic devices, such as photodiodes,
photodetectors, and A/D boards. These devices, together with the light source and other components
or the sensor as polarizers, couplers, etc. contribute to the measurement uncertainty of an OCS due
to their metrological characteristics and their stability — short-term and long-term stability. The
metrological data of these devices comes from their technical sheets or manuals. The long-term
stability refers to the drift since last calibration.
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Aging of the light source device will change the central wavelength of the emitted light, and as
the Verdet constant depends on the wavelength, sensor response will change. Wang and Guan [25]
analyzed some OCSs used in 110 kV voltage substations. The results showed that OCSs long-term
stability was strongly affected by the aging and the performance reduction of the main optical devices
of the sensors. Lenner et al. [3] investigated the long-term stability of an interferometric fiber OCS on
both component and system perspective. Some components, as the SLD used as the light source, the
phase modulator and other passive components were submitted to accelerated ageing by extended
temperature cycling. Investigation results showed that the long-term drift of the center wavelength
of the SLDs from two manufacturers varied from +0.19 nm to +0.38 nm.

3.4. Linear Birefringence

Linear birefringence is the difference between the refraction index of two LP lights. In a linearly
birefringent glass, horizontally and vertically polarized light propagates at different speeds, and thus
accumulate phase difference. However, the phase difference changes the polarization from linear to
elliptical state. Linear birefringence disturbs the sensor behavior, decreasing its sensitivity to Faraday
rotation and accuracy. Thus, to improve Faraday Effect measurement quality in OCSs, the linear
birefringence must be reduced [39,40].

The optical fiber birefringence can come from several sources. One of the possibilities is that it
is intrinsic to the fiber, generated due to imperfections in the manufacturing process. As multimode
fibers disrupt the polarization state of light, single-mode optical fibers are the only option for the
sensor head. Unfortunately, single-mode fibers suffer from this inherent birefringence. In general,
each type of optical fiber has an intrinsic birefringence characteristic, so several types of optical fibers
can be evaluated, and the choice of appropriate fibers can reduce it. [39]. Another source of
birefringence arises when the fiber is bent to wrap it around the conductor. Curving the fiber breaks
the symmetry of its structure because the outer part of the fiber supports stress tension and, on the
contrary, the inner part supports compressive stress. The linear birefringence effect is more
significant when the fiber is wrapped in many turns around the conductor for higher sensitivity [41].
If the state of polarization (SOP) of the propagating light remains perfectly linear or circular, the
sensor response is not affected. But, if the SOP of the propagating light becomes elliptical, due to
linear birefringence, the polarization evolution depends not only on the Faraday effect at each
position along the fiber, but also on the SOP at the position. Thus, sensor performance is degraded,
as its response is affected by the polarization evolution due to the linear birefringence [42].

Temperature and vibration effects also induce birefringence in fiber optic sensors. When
temperature fluctuates, the different coefficients of thermal expansion between fiber core and
cladding would lead to axial deformation, thus inducing linear birefringence [43]. Zhang et al. [44]
presented the results of experiments on the influence of temperature and vibration on sensor
performance using three different reflection schemes and three distinct types of fiber. The 90° Faraday
rotating mirror showed the best results, regardless of the sensor fiber type. Sima et al. [45] proposed
a fiber optic current transformer with improved temperature and vibration robustness. In the
temperature influence tests, the ratio error variation was less than +2% in the temperature range from
-20°C to 80°C, while the maximum type A uncertainty was 0.12%. In the vibration tests, the maximum
ratio error variation was less than +0.4%, with the type A uncertainty of 0.029%. Tantaswadi et al. [46]
analyzed the effects of the induced linear birefringence due to vibration on the performance of a
reciprocal fiber optic current sensor with polarimetric detection. The deviation due to this effect was
within +0.1%

3.5. Other contributions

Resolution uncertainty is important because it considers the limitations of measurement
equipment. The accuracy, precision, and capability of your measurements are limited by the
resolution of the measurement instruments. Depending on certain conditions of a given
measurement process, the contribution of uncertainty associated with resolution is significant in
relation to the other contributions. Similar situations can occur in the analog-to-digital conversion
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process, where electronics resolution impacts the repeated sampling of a signal, leading to digital
samples that can differ by just one or two bits. Usually, for a digital indication instrument, its
resolution is divided by two to calculate the resolution uncertainty [47,48]. This is the case of sensors
that present their measurements in the format of digital indications, as on a computer or display.

Measurement repeatability is the precision of a measurement taken under repeatability
conditions. The repeatability conditions include same operating conditions, same location, same
operator, same measuring systems and replicated measurements for a measurement of the same
measurand (the quantity intended to be measured) [49,50]. In the case of OCSs, perform
measurements under these repeatability conditions can be useful to estimate the uncertainty
contributions due to the influence of temperature fluctuations and due to the short-term stability of
the sensor components.

4. Uncertainty Analysis

Reference [51] sets out general rules for evaluating and expressing the measurement uncertainty
that are intended to be applicable to a wide range of measurements. The measurement uncertainty is
a qualitative parameter and represents the doubt about the result of that measurement and the
incompleteness of the knowledge of the measurand. The terms error and uncertainty are often
confused - they are complementary but distinct. It is assumed that the result of a measurement has
been corrected for all recognized significant systematic effects and that every effort has been made to
identify such effects. The corrections are considered imperfect, due to the lack of knowledge about
them. Sometimes it may be impractical to correct for a systematic effect, so it is necessary to model
this effect as a source of uncertainty. However, the best option to improve measurement uncertainty
is to perform the correction and estimate an uncertainty contribution due to this correction, as it is
considered imperfect. In addition to the uncertainty of imperfect corrections, the measurement result
is also affected by uncertainty due to random effects and is therefore only an estimate [52].

According to Reference [51], there are two types of uncertainties, categorized respectively as
Type A and Type B. A Type A uncertainty is based on the statistical analysis of a series of
measurements (for example, statistical data obtained from quality control results). A Type B
uncertainty has been obtained by non-statistical procedures and may include: information associated
with the numerical quantity of a certified reference material; previous measurements; data obtained
from a calibration certificate; information obtained from limits deduced through personal experience;
information published in datasheets or manuals; scientific judgment [53]. In some cases, uncertainty
contributions that could be assessed as type B are included in a type A assessment, when a reasonable
number of observations are able to be performed in the measurement process.

When classifying the uncertainty contributions of optical current sensors, uncertainties arising
from short-term effects that are difficult to correct are best quantified through a series of observations,
and are therefore defined as type A. This is the case, for example, of uncertainty contributions due to
the effects of temperature fluctuation on the light source and other components, as well as the short-
term stability of these same components. The combined effect of these uncertainties will be observed
if the measurement procedure provides a reasonable number of readings that cover all conditions
related to these uncertainty contributions.

On the other hand, effects that allow corrections to be applied to the mathematical model, such
as the effect of performing measurements at a temperature different from that at which the sensor
components were calibrated, give rise to uncertainty contributions that can be classified as type B. In
this case of temperature difference, after applying the correction to the model, the uncertainty due to
this correction must be quantified. Other uncertainty contributions that can be classified as type B are
those whose assessment using a statistical method is difficult, impractical, or economically
unfeasible. This is the case for uncertainties due to the long-term stability of the sensor components
and the resolution of the A/D board. Table 1 shows the identified relevant uncertainty contributions
to the measurement uncertainty of optical current sensors and their classification.
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Table 1. Classification of OCSs uncertainty sources.

Uncertainty source Type

Light source wavelength short-term stability

Correction due to light source wavelength long-term stability

Light source wavelength variation due to temperature fluctuations

Correction of the light source wavelength drift due to using the sensor
at a temperature far from that at which it was calibrated

Verdet constant variation due to temperature fluctuations

Correction of the Verdet constant drift due to using the sensor at a
temperature far from that at which it was calibrated

Vibration

Correction due to the drift since the last photodetector calibration

Photodetector short-term stability

Photodetector performance variation due to temperature fluctuations

Correction of the photodetector performance drift due to using the
sensor at a temperature far from that at which it was calibrated

Correction of the drift since the last A/D card calibration

A/D card short-term stability

A/D card performance variation due to temperature fluctuations

Correction of the A/D card performance drift due to using the sensor at
a temperature far from that at which it was calibrated

Finite resolution in indicating the measured current to the user

Repeatability of current measurements

Correction due to birefringence

Calibration of the OCS !

! Calibration can be of the entire sensor or of each of its components.

WWP>W W™ WP W I P> T P> T >

5. Conclusions

This article presented a review of the main factors that affect the performance of optical current
sensors, and how they can be classified and quantified in order to estimate the measurement
uncertainty of these sensors. Factors such as temperature, birefringence and component aging can be
the biggest contributors to uncertainty. Many schemes have been proposed to compensate or correct
the effects of some of these factors, such as temperature. However, it is considered that these
compensations or corrections are imperfect, and that there is always an associated uncertainty
contribution.
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