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Abstract:

 The intrinsic advantages of optical sensor technology are very appealing for high voltage applications and can become a valuable asset in a new generation of smart grids. In this paper the authors present a review of optical sensors technologies for electrical current metering in high voltage applications. A brief historical overview is given together with a more detailed focus on recent developments. Technologies addressed include all fiber sensors, bulk magneto-optical sensors, piezoelectric transducers, magnetic force sensors and hybrid sensors. The physical principles and main advantages and disadvantages are discussed. Configurations and strategies to overcome common problems, such as interference from external currents and magnetic fields induced linear birefringence and others are discussed. The state-of-the-art is presented including commercial available systems.
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1. Introduction

Due to the massive growth in the use of electric equipment in developed countries and the worldwide increase of the electrical distribution/consumption, the interest in sensors for electrical current metering, particularly in high voltage levels, has increased significantly over the last decade. Although optical current sensors are still too expensive for low voltage applications (such as, in residential areas), they are extremely attractive for high voltage applications (such as, in electrical high voltage (EHV) substations) when compared with conventional sensors, due to their intrinsic properties, such as:


	Immunity against electromagnetic interferences (EMI);


	Electrical isolation (the optical sensors are made of dielectric materials);


	Possibility for measuring AC and DC;


	Absence of saturation effects;


	Low power consumption;


	Small size, lightweight, and relatively low cost.




Furthermore they are usually connected to optical fibers that have large communication bandwidths, and due to their very low absorption loss allow remote detection, high multiplexing capability and data transmission over long distances. Also, optical current sensors measure the magnetic field generated by the electric current rather than the current itself, thus avoiding the electric hazards that the high voltage measurements imply.

There are basically two linear effects by which the magnetic field can be measured by optical sensors: magneto-optic effect (or Faraday effect) and magnetic force (or Lorentz force).

In the case of sensors that use the Faraday effect, a rotation in the angle of polarization of the light propagating in magneto-optic material is induced by an external magnetic field. A short explanation regarding the Faraday effect, as well as the different interrogation techniques that can be used to interrogate the polarization rotation angle, are presented. Then, two different groups of optical current sensors using this effect (all-fiber optic sensors and bulk-optic based sensors) are analyzed. A key aspect of the concept of all-fiber optic sensors is that the optical fiber acts both as the sensing element and communication channel, which allows for simple solutions and reduces the losses in the fiber connections. By winding the optical fiber around the electric conductor, immunity to external currents or magnetic fields [1], as well as, tunable sensitivity can be easily achieved. As for bulk-optic sensors, they usually present higher sensitivity and robustness, which are very important aspects in real applications. In both cases, saturation effects such as the ones that occur in ferromagnetic-based sensors are avoided allowing higher measurement ranges.

As for the magnetic force sensors, they measure the force applied by the magnetic field on the sensing element. The possibility of bonding or jacketing optical fibers with magnetostrictive materials to measure the intensity of the magnetic field is also discussed, with special emphasis to Terfenol-D, which has the highest magnetostriction of any alloy. With these types of sensors, multi-point magnetic field measurements are possible with a single optical fiber (optical multiplexing). Other solutions using magnetic fluids are also discussed.

Most optical sensors described can be installed without the interruption of the current in the conductor, which is a very advantageous property when dealing with high voltage distribution systems.

Lastly, the possibility of hybrid solutions for current measurement, using both conventional technology and new (optical) technology, are also discussed. Besides some operational advantages, these hybrid sensors may also be very important in the first step of implementing optical current sensors in the industry, before developing fully optical current measuring systems.



2. Faraday Effect

In 1845, Michael Faraday discovered a difference in refractive index of glass for left-handed and right-handed circularly polarized light induced by an external magnetic field. Émile Verdet showed in 1854, that the angle of rotation of linearly polarized light is proportional to the strength of the magnetic field and the cosine of the angle between the field and the propagation direction of the light wave. This rotation can be expressed mathematically by:

 [image: Applsci 02 00602 i001]      (1)

where, V is the material Verdet constant, which is both dispersive and temperature-dependent [1,2], B is the magnetic flux density vector and dl is the differential vector along the direction of propagation. This effect is called the Faraday effect or linear magneto-optic effect and can be used to build optical current sensors. Figure 1 illustrates the polarization rotation due to a parallel external magnetic field on a magneto-optical material, such as, glass.

Figure 1. Faraday effect in linearly polarized light.
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The Faraday effect is distinct from the inherent circular birefringence (called optical activity) that appears in some materials, in that its sign depends on the direction of the magnetic field with the respect to the direction of propagation of the light [3]. That is to say, it is non-reciprocal. Therefore, if the same light passes through the same medium, but with opposite propagation direction, the rotation of polarization will be cumulative

The Faraday effect is present, to some extent, in all materials and its characteristics are related to the other magnetic properties of the material. It varies with temperature, much more in paramagnetic and ferromagnetic than in diamagnetic materials. It is linear with magnetic field in diamagnetic materials but saturates in ferromagnetic materials, and its magnitude generally diminishes with increasing wavelength.



3. Interrogation Techniques

In order to measure the Faraday rotation of the azimuth output light there are two main detection schemes that can be employed: polarimetric and interferometric.


3.1. Polarimetric Detection


3.1.1. Basic Polarimetric Scheme

Different signal analysis techniques can be used to quantify the Faraday rotation of the azimuth of the output light from an optical current sensor. One way to detect this rotation is by using a polarimetric detection scheme, which consists of two polarizers, one at the input of the sensor and the other at the output, arranged as shown schematically in Figure 2. The first polarizer has the objective of defining the initial polarization state of the light wave and the second polarizer is used to adjust the sensor sensitivity and transforms the polarization rotation into a light intensity modulation that can be measured using a photodetector [1].

Figure 2. Polarimetric detection scheme.
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According to Malus law, when two polarizers are in such arrangement, the intensity of the output light is given by [2]:

 [image: Applsci 02 00602 i002]      (2)

where IP1 is the light intensity after the first polarizer and α is the relative angle between the transmission axes of the polarizers. As we can see from Figure 3, maximum sensitivity is achieved when this angle is 45°. This means that with the polarizers having a relative angle of 45°, any small change in the plane of polarization of the light, in the path between the two polarizer’s, induced by an external magnetic field, will be transformed in a larger change of intensity at the output.

Figure 3. Transfer function of two polarizers showing the transmitted power as a function of their relative angle.
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Adjusting the polarizers for the maximum sensitivity, the sensor transfer function is [1]:

 [image: Applsci 02 00602 i003]      (3)

In order to eliminate the dependence of the sensor response to the input light intensity fluctuations, the final processed output signal can be obtained by dividing the AC component by the DC component [1]. That is:

 [image: Applsci 02 00602 i004]      (4)



3.1.2. Dual Quadrature Scheme

Another improvement of the processing scheme presented above is shown in Figure 4. In this case, the output light is divided into two orthogonal polarizations, through the use of a Wollaston prism, and these two signals are detected by two independent photodetectors and processed by an analog circuit that computes the output signal S, given by Equation (4).

Figure 4. Schematic of the dual-quadrature polarimetric detection incorporating optical fiber links. Legend: GRIN (GRadient INdex); PD (Photodetector); Pi (I = x,y) optical power in polarizations states.
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Instead of using a Wollaston prism, it is possible to use a fiber coupler to divide the signal into two polarized states at ±45° with respect to the input polarizer, and allowing the generation of two output signals with opposite phase. This dual‑quadrature scheme offers better common noise rejection than the previous one.

When the Faraday rotation is relatively small and we include the linear birefringence (β) effect in the sensing element, Equation (4) becomes:

 [image: Applsci 02 00602 i005]      (5)

The two methods presented above do not take into account the linear birefringence effect, which as can be seen from Equation (5), can greatly reduce the sensitivity of the sensor. Furthermore, because the linear birefringence (β) is usually temperature dependent, severe measurement errors can be introduced. To account for linear birefringence, it is necessary to introduce other detection methods that require more complex signal processing strategies that will be described in the following section [1].




3.2. Interferometric Detection Schemes

Previously in the polarimetric detection scheme, the rotation of the plane of polarization of linear polarized light was analyzed. This rotation can also be analyzed in terms of circular polarization, corresponding to a phase difference between the two circular orthogonal modes (left-handed and right‑handed circular polarization). This can be done using an interferometric detection scheme where a modulation frequency carrier is generated, and the optical phase variation that is modulated by time delay induced between arms of the interferometer, will contain the electric current information. This phase carrier can be generated by using an unbalanced Michelson or Mach-Zehnder interferometer, or other interferometric configuration, such as Sagnac interferometer [1,3].

Figure 5 shows schematically a current sensing Sagnac interferometer, which is commonly used in gyroscopes and it is sensitive to non-reciprocal effects [4]. This interferometer is interrogated by using a heterodyne detection scheme.

Figure 5. Sagnac loop interferometer current sensor.
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In this particular application, light from an optical broadband source, is linearly polarized with a fiber polarizer and is injected into the Sagnac loop with crossed λ/4-wave plates mounted at an angle of 45° and −45° relative to the plane of polarization of the linearly polarized inputs, for the upper and lower plate, respectively. In this arrangement each of the counter propagating waves are converted to orthogonal circular states. These two counter-propagating waves travel the Sagnac loop with different velocities, due to the external magnetic field induced circular birefringence. After crossing the loop they are converted again into linear polarization modes and interfere after crossing the output linear polarizer. The phase information is retrieved with the introduction of the phase modulator on the unbalanced Mach-Zehnder interferometer, which can be used to generate the phase carrier. Using either Pseudo-Heterodyne or Heterodyne processing schemes, the relative phase accumulated in the Sagnac loop, which is proportional to the magnetic field generated by the electric current on the conductor, can be recovered. Some disadvantages of using this type of interferometer include temperature and vibration dependent sensitivities.

An improved version of the above system can be done in a reflection configuration, as shown in Figure 6.

Figure 6. In-line interferometer current sensor.
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Between the optical source and the λ/4-wave plate, the polarized light is injected at 45° into a polarization maintaining fiber (PMF). After crossing the PMF, the λ/4-wave plate which is oriented at 45° with respect to the birefringence axis of the PMF, transforms the two orthogonal polarization modes into circular polarization modes with opposite rotation directions. At the end of the fiber, reflection occurs and the reverse process occurs. Due to reflection configuration, the states of polarization swaps and each polarization component travels the optical path made by the other polarization. At the end, both polarization pass through the same optical path and compensate all reciprocal effects, but still maintaining a phase difference proportional to the electric current to be measured. Due to the operation in reflection this scheme also doubles the sensitivity in relation to the first one, for the same number of fiber turns around the wire.

The modulation introduced in the polarization interferometer (the length of PMF), near the 45° splice enhances the ability to detect the small phase differences, produced by small currents. Although the two schemes described permit a certain degree of immunity to reciprocal perturbations, time-varying disturbances which alter the birefringence of the PM fiber, affect counter-propagating waves differently and are not compensated [4]. Also, the fact that we are working with interferometers, means that it is necessary to use a stable optical source, and the modulation despite granting certain immunity to low frequency noise, limiting the system bandwidth. Another crucial problem is due to the phase difference introduced by the λ/4-wave plate that can have small deviations and therefore change the system sensibility [3].




4. State of Art

Nowadays there is a great diversity of optical current sensors. Taking into account the sensing mechanism employed and the materials used, optical current sensors can be organized in four main groups [1,5]:


	All-fiber sensor: The fiber itself acts as a transducer mechanism. The magneto-optical effect (or Faraday effect) is used to induce a rotation in the angle of polarization of the light propagating in the fiber, which is proportional to the magnetic field. Usually, the fiber is coiled around the electrical conductor, making it immune to external currents and magnetic fields.


	Bulk optic sensor: These sensors use a piece of glass or crystal with high Verdet constant as the transducer, which is placed near (or around) the electrical conductor. The magnetic field is also measured using the magneto-optical effect. These sensors are usually cheap, robust and more sensitive.


	Magnetic force sensors: In an analogous process to the piezoelectric elements, when a magnetic field is applied to a magnetostrictive element it induces mechanical changes in the material. These changes can be again measured by attaching a fiber Bragg grating (FBG) to the magnetostrictive element.


	Hybrid sensors: These sensors employ some of the standard electromagnetic technology already existent and some of optical technology. In this case, the first current transducer is done with conventional electromagnetic technology (such as, a Rogowski coil) but its interrogation and information transportation is done by an optical fiber system. The objective of these sensors is to construct an interrogation system that takes advantages of the high level of electrical isolation offered by optical fibers and avoids difficulties associated with birefringence.





4.1. All-Fiber Sensors

All-fiber sensors use very simple configurations because the fiber can be simply coiled around the electric conductor to be measured. Also, the sensor sensibility can be changed by simply changing the number of turns of the optical fiber around the conductor [3]. Since these kind of devices usually uses several meters of fiber, the sensors are more vulnerable to pressure and temperature gradients, mechanical vibrations and other environmental noises than smaller devices (such as bulk-optic).

When operating at high currents, the magnetic crosstalk between different conductors can also be a relevant problem. Schemes to reduce the magnetic crosstalk in three-phase electric systems have been proposed [6]. However, if the detection scheme forms a closed circuit around the electrical conductor, as most of them do, it will not be sensitive to external magnetic fields.

Typically, standard silica fibers have a low Verdet constant when compared with bulk-optic glasses. Many studies have been done in order to increase the Verdet constant of the fibers.

Materials such as flint glass have been tested and showed a Verdet constant six times higher than fused silica and much lower photo-elastic coefficient (780 times) [3,7,8]. A detailed review of current transducers using flint glass fibers can also be found in the literature [9]. The study provides specific information of the sensors (setup configurations, temperature dependence, accuracy, etc.) and the fibers used (Verdet constants, photo-elastic constants, wavelength dependence, etc.) as well as results of field tests performed. In Figure 7, a typical current sensor with flint fiber is represented.

Figure 7. Typical configuration of an optical current sensor with flint fiber.
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A comparison between the performances of flint glass fiber and twisted single-mode fiber (usually used before the flint glass) as a Faraday element was presented [10], and showed that the system with the flint glass fiber is more stable than the one with twisted fiber.

In 2009, a new optical glass for optical fibers with high refractive index for applications in optical current sensors was reported. The results showed that these fiber glasses could have ten times higher Verdet constant and small internal mechanical stress [11].

Recently, a terbium-doped-core phosphate optical fiber with a Verdet constant six times larger than standard optical fibers was presented [12]. The same authors also presented in 2010 a high concentration of terbium-doped fiber with a record Verdet constant of –32 rad/(T m), which is 27 times larger than standard optical fibers and corresponds to 83% of the Verdet constant of commercially available crystals used in bulk optics–based isolators [13].

Another problem of using the fiber as the transducer is the effect of the linear birefringence that is induced by mechanical stress (when the fiber is bent for example), thermal stress, manufacture imperfections and other effects. The presence of linear birefringence significantly reduces the sensor sensitivity due to the polarization state degeneration. The linear birefringence can be neglected if the circular birefringence is high enough as we can see from Equation (5). The use of a twisted single mode fiber to impose a circular birefringence in the fiber has been demonstrated [14]. A similar approach is to use spun high birefringence fibers [15]. Linear birefringence can also be reduced by fiber annealing process [16,17]. Theoretical models and experimental measurements for the Verdet constant dispersion in annealed fibers have been presented [18].

Some methods for linear birefringence compensation using reflected light propagation have been presented, such as Faraday rotating mirrors [19] and fiber polarization rotators [20] which also doubles the sensitivity for the same fiber length. In Figure 8, a Faraday rotator mirror is shown. This component leads to a polarization shift of 90° and light that propagates in one axis is coupled to the other axis, and vice-versa. Since the linear birefringence is a reciprocal effect, the phase difference introduced by the linear birefringence will be compensated [19].

Figure 8. Faraday rotator mirror.
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A sensor using reflected light propagation for compensation of linear birefringence, made of low-birefringent flint fiber with a very low photo-elastic constant, achieved the accuracy required for the 0.1% class of current metering transformers in the range of 1 kA [21].

Commercial fiber-optic DC current sensors have also been demonstrated [22] being able to measure up to 500 kA with an error of 0.1%. More recently, a signal processing methodology based on artificial neural networks (ANN) was developed, which processes signals from a typical optic current sensors and a thermometer, achieving higher accuracy with temperature and non-linearity compensation [23]. The great benefit of ANN is to get a transfer function for the measurement system taking in account all variables, even those from unwanted and unknown effects, providing a compensated output, after the ANN training session.

Some optical electric current sensors are already commercially available. Considering all-fiber current sensors, for instance, ABB and NXTphase are two companies that have available sensors with working principle identical to the one shown in Figure 6. The first company assures a range of operation up to 500 kA and 0.1% accuracy [24]. The second company permits DC and AC measurements with a range of operation from 1 to 63 kARMS being also in the 0.1% class category [25,26].



4.2. Bulk-Optic Current Sensors

As seen before, all-fiber current sensors are easy to implement and to increase the sensitivity, but suffer from high linear birefringence and have relative low Verdet constants. In this context, bulk optic sensors rapidly imposed and are the most industrial implemented technology [1,27].

When compared to all-fiber devices, bulk optic sensor presents some obvious advantages. These are usually smaller devices and mechanically stiffer. Therefore, mechanical and thermal gradients, vibrations and other external noises in the bulk optic material are very small. Also their Verdet constants are typically, 2 times higher than the ones found in optical fibers, and due to their low photo-elastic coefficients, the intrinsic linear birefringence is also very small, which allows for sensors with high sensitivities. Another big advantage is that the sensor around the conductor does not have to be a single piece of material. This allows an easy installation without the need of interrupting the current in the conductor.

The main disadvantages of these sensors are related to the fact that reflections need to occur inside the bulk optic material for light to go around the conductor. Since the reflection angle will be dependent on the refractive index of the crystal and outside surrounding medium (such as air), the sensor will be affected by a number of external factors such as humidity. This can be solved by isolating the sensor from external factors but will add higher cost to installation and maintenance operation of the sensor [28]. Also, every internal reflection of the light that occurs will introduce an optical phase difference between the two polarizations. In a polarimetric or interferometric scheme, this leads to an unavoidable error source [29].

The problem can be solved with the use of double reflections in each corner of the bulk optic material, where the optical phase difference introduced in the first reflection is compensated by the second reflection. A patent describing this idea was registered in 1986 [30] and it is shown in Figure 9.

Figure 9. Bulk optic current sensor with double reflection.
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However, this idea presents another problem: in the optical path between the first and second reflections, the polarization state is elliptical and the signal will be non-linearly affected by the magnetic field to be measured. This will cause the system to be affected by external magnetic fields. This problem takes special relevance when measuring current in three phase systems, since the three conductors are usually close to each other. Studies have also been developed to minimize the crosstalk between different conductors [6]. Another possible solution is using a triangular shaped bulk optic material in which the light is always reflected at the critical angle [31], as shown in Figure 10.

Figure 10. Bulk optic triangular shape current sensor.
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This configuration is simpler than the previous one. However this requires a precise reflection angle cut and a near perfect bulk optic material well isolated from external noise sources. Several schemes have been proposed to further increase the sensitivities of these sensors, including field concentrators (which consist in an air-gap core surrounding the conductor) and extending the light optical path inside the crystal (by using total internal reflections before the light exits from the sensing element) [32]. For this purpose, a circular sensor head was developed, where light is injected through a prism and at specific angles, light travels five times before exiting the prism. This scheme enhances sensibility and it is not sensitive to external fields [33]. Other sensors are available in a square configuration where light passes around the conductor several times [34,35].

Also, in order to increase the sensitivity of the sensor, the compensation of the linear birefringence is very important. It was shown that the use of a Faraday rotator mirror can reduce the angle of rotation of the polarization plane due to the linear birefringence from 20° to 5° [36].

The dependence of the Verdet constant with source wavelength is also important, because it changes the sensitivity of the sensor [37]. Also, it was shown that the errors introduced by a small bandwidth optical source are very small and therefore it is reasonable to use the models which assume a monochromatic light source [38]. As in the all-fiber optic sensors, bulk-optic ones also have temperature dependency of the Verdet constant. A solution was measuring the temperature and compensating its effect by introducing a correction factor that depends on the temperature [39].

Many interesting ideas for optical current sensing may be found in literature, but many are not designed for high voltage and/or high current sensing operations. However, specific applications for high current [40] and high voltage [41] can be found. In the case of high currents, the sensors are usually limited to measurements between 0° and 360°, in order to avoid rotation angle ambiguities. This problem was solved [40] by using a technique which counted the number of times that the phase crossed 0° and allowed to measure up to 720 kA.

Also this type of sensor has been successfully introduced to the market. PowerSense [42] is a company that have a commercial product based on the sensing scheme like the one shown in Figure 2, which permits AC current measurement from 20 to 20,000 A, with maximum errors of 2%.



4.3. Magnetic Force Sensors

Optical fiber magnetic field sensors exploit the magnetostrictive effect that produces a mechanical strain in a ferromagnetic material when it is subjected to an external magnetic field. For that an optical fiber is bonded to a sample, or by thin-film deposition with a magnetostrictive material. The most commonly used magnetostrictive sensing elements were optical fibers coated with nickel [43], metallic glasses such as Metglass 2605S2 or Vitrovac 40‑60 [44,45,46,47] and ceramic thin-films (Fe2O4, NiFe2O4 or NixCo1‑xFe2O3) [48,49].

Since 2000, an intensive investigation on an alloy material with high magnetostriction coefficient (Terfenol‑D) has been reported on literature. The most studied optical configuration is a rod or ribbon shape of Terfenol‑D attached to a fiber Bragg grating (FBG) [50]. The advantages of this type of sensors are the small size and possibility to have various sensing elements in the same optical fiber, thus allowing optical multiplexing. Alloys using Terfenol-D have also been tested in microstructured fibers [51]. Recently another kind of sensors to detect magnetic fields has been proposed, where the sensor is based on magnetic fluid.


4.3.1. Magnetostrictive Sensors

During the 80’s decade a great effort done for detecting magnetic fields and/or electric current using optical fibers in combination with materials that exhibit magnetostriction effects. In 1980, Yariv et al [43] studied the possibility of detecting weak magnetic fields by using magnetostrictive perturbation in optical fibers. A low loss optical fiber of length L was wrapped around a nickel jacket that suffers a longitudinal mechanical strain when immersed in a magnetic field.

The first experimental evidence of the magnetic field sensing characteristics of optical fibers jacketed with either nickel or metallic glass magnetostrictive materials was reported by Dandrige et al. [44]. Both bulk magnetic stretchers, as well as, thin films directly deposited on a single mode fiber (SMF) were analyzed. An all-fiber Mach‑Zehnder interferometer was used to detect the magnetically induced mechanical changes in the optical path length that contained the magnetostrictive jacket. Figure 11 shows the schematic diagram of the magnetometer proposed by Dandrige et al.

Figure 11. Experimental scheme of fiber optic magnetic sensor.
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The sensor sensitivity achieved with the bulk nickel material was 6.37 × 10−6 A/m2. The response of the first generation thin film coated fiber optic sensors was about two orders of magnitude lower and was ruled by the thin-film thickness. Jarzynski et al. [48] investigated the mechanical strain induced by a weak axial magnetic field in an optical fiber with magnetostrictive jacket with different thickness. The sensitivity was calculated as function of jacket thickness for a variety of magnetostrictive materials.

These configurations could be sensitive to magnetic fields, but unfortunately also sensitive to all other parameters that influence the optical path length of the fiber, such as, temperature [52]. Heaton proposed a non-magnetostrictive metal-coated element in one arm of the interferometer to directly detect temperature, improving this way the sensitivity to magnetic field of fiber optic interferometers.

A SMF wounded under tension around a magnetically sensitive nickel cylindrical piece was proposed by Rashleigh [53]. The magnetic field changed the state of polarization (SOP) of light in the fiber. An optical phase sensitivity of 1.76 × 10−2 rad/m Oe was achieved, allowing a detection of magnetic fields as small as 3.5 × 10−4 A/m2 of fiber.

The magneto-optic coupling coefficient as function of frequency for a Mach-Zehnder interferometer incorporating a nickel toroid was measured by Cole et al. [54]. They observed that the frequency response of the coupling coefficient was found to be essentially smooth in a range between 15 and 600 Hz. Hartman et al. [55] reported the fabrication and characterization of optical fibers coated with nickel thin-film. The thickest coating was greater than 90 μm and was fabricated by chemical vapor deposition (CVD). The optical phase sensitivity obtained by the fiber Mach-Zehnder interferometer was 1.9 × 10−8 rad.m/A.

The use of a metallic glass as sensing element for detection of very low magnetic fields was described by Koo and Sigel [45]. In their experiment, different metallic glasses were used on an all fiber Mach-Zehnder interferometer in order to measure their magnetic field detection sensitivities. A minimum detectable magnetic field of 3.98 × 10−7 A/m2 was reported.

A configuration for measuring DC magnetic fields using an optical fiber coated with amorphous Fe0.8B0.2 alloy in one arm of a modified magnetometer was developed by Willson and Jones [56]. In order to obtain a maximum sensitivity, the system was analyzed in quadrature allowing the elimination of polarizations fluctuations. A linear region was analyzed and a sensitivity of 102 rad/T·m was obtained.

A technique for the measurement of weak DC and low frequency AC magnetic fields using an all fiber SMF magnetometer was described by Kersey et al. [57]. For the first time, the experimental scheme used, consisted in a Michelson interferometer where the two cleaved fibers ends were coated with silver film to form the mirrors. Detection sensitivities of ≈1 × 10−7 T/m at 20 Hz was achieved by the bulk nickel magnetostrictive element. Figure 12 represents the experimental configuration used.

Figure 12. Scheme of the all fiber magnetometer by Kersey et al. [57].
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A fiber Mach‑Zehnder interferometer passively stabilized using a 3 × 3 fiber coupler was used by Koo et al. [58]. The system response was examined by subjecting the metallic glass to a DC and AC magnetic fields. The sensor sensitivity was in the order of 7.96 × 10−5 A/m2 for a fiber length of 1 m at 1 Hz bandwidth.

The first demonstration of a closed-loop fiber optic magnetometer with dynamic magnetostrictive response was reported by Kersey et al. [59]. The sensor was capable of detecting low frequency and DC changes of magnetic field with a sensitivity of ≈2 nT at frequencies below 2 Hz.

One year later, the same group proposed a similar configuration, where the main difference in the magnetometer was that they kept at constant value the total local field (bias+ambient) [46]. By active-bias field stabilization they ensure that the magnetostrictive sensing element was maintained in a zero state zero magnetization. This method eliminated any problems arrived due to magnetic hysteresis of the metallic glass materials used (Metglass and Vitrovac). A minimum detectable of 8 × 10−5 A/m was observed over the frequency range from DC to 20 Hz using a small length of optical fiber (≈0.5 m).

The effects of external perturbations, such as, mechanical stress and vibrations on the operation of fiber optic magnetometers were investigated by Bucholtz et al. [47]. These perturbations were controlled by maintaining the DC magnetic field at prescribed levels. The analysis performed has shown that the method used by the authors could be applicable in all interferometric fiber sensors employing nonlinear transducing mechanisms.

In 1989, the first demonstration of the detection of magnetic fields at frequencies above 50 kHz using a fiber optic magnetometer was reported by Bucholtz et al. [60]. A Mach-Zehnder interferometer with a thick cylindrical metallic glass transducer in one of the fiber arms was used. Mixing high frequencies signals in the magnetostrictive sensor allowed a heterodyne detection scheme, where the transducer acted as both the receiving and nonlinear mixing element. The same group reported a minimum detectable AC magnetic field of 70 fT/√Hz at 34.2 kHz [61].

Optical fibers coated with magnetostrictive ceramic films were tested by Sedlar et al. [49], by using a modified Mach‑Zehnder interferometer operating in an open-loop configuration. The sensors exhibited excellent linearity and good sensitivity. The materials used were magnetite, Fe2O3, nickel ferrite and cobalt doped nickel ferrite (NCF2) jackets, being the last one with the best response to magnetic field. They achieved a minimum detectable magnetic field of 3.2 × 10−3 A/m for optical fibers jacketed with 2 μm thick and 1 m long NCF2 material.

A fiber optic sensor for measuring DC magnetic fields based on the extrinsic Fabry-Perot interferometer (EFPI) was proposed by Oh et al. [62]. A SMF and a Metglass wire magnetostrictive transducer constituted the input-and-output and reflector arms of the extrinsic Fabry-Perot interferometer (EFPI) sensor. Due to the sensor optical geometry design, it showed a low vibration sensitivity and high thermal induced compensation (better than 99%).

Pérez‑Millán et al. [63] demonstrated a new approach for measuring electric current on high voltage systems. The fiber optic sensor employed the intrinsic magnetostriction of the ferromagnetic core of a standard current transformer and was interrogated with a Mach‑Zehnder interferometer. The sensor avoided certain defects of Faraday based optical current sensors reported, such as, optical power source fluctuations, phase drifts and polarization dependency. Figure 13 represents the experimental configuration used by Pérez-Millán et al.

Figure 13. Experimental arrangement used for measuring electric current on high voltage systems.
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More recently, Djinovic et al [64] presented results of measurement of AC and DC magnetic fields by using a fiber optic interferometric sensor for structural health monitoring. The principle of operation was based on changes in the optical path length of the cavity between a magnetostrictive wire and a fiber optic tip. The sensing configuration consisted of a Michelson fiber interferometer using a 3 × 3 single mode fiber coupler. They were able to detect the instant separation between the wire and fiber end with an accuracy of 50 nm corresponding to a magnetic field in a range of 50 nT to 800 μT.



4.3.2. Terfenol‑D

The first work combining Terfenol‑D alloy with optical fiber sensors to measure static magnetic fields was reported by Mora et al. [50], see Figure 14. The magnetostrictive sensor with temperature compensation scheme was composed by two different alloys with similar thermal expansion coefficient, being one of them Terfenol-D and the other Monel 400. The mechanical expansion of both materials due to temperature and magnetic field variations was detected by the two FBGs attached. The spectral difference between the two Bragg wavelengths was proportional to the amplitude of the magnetostriction, and, the wavelength shift produced by the grating bonded to the non-magnetic alloy (Monel 400) was proportional to the temperature variation.

Figure 14. Schematic diagram of the fiber sensor proposed by Mora et al. [50].
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For applied magnetic fields smaller than 4.7 × 10−4 A/m (B < 60 mT) a linear response of the fiber sensor was verified. The spectral sensitivity in this range was independent of temperature, having a value of (2.31 ± 0.05) × 10−5 nm/(A2m−2). In order to compensate the temperature effects in the FBG based on magnetostrictive materials, two simple techniques were demonstrated by Yi et al. [65]. The first technique consisted of two FBGs placed perpendicular to each other and bounded onto a single Terfenol‑D layer material. The second technique, two FBGs were stacked onto two different magnetostrictive bars (Terfenol‑D and nickel) and physically parallel with each other. The materials used had similar thermal expansion coefficients but with magnetostrictive coefficients of opposite signs. The two techniques were capable of measuring the magnetostrictive effects with temperature insensitivity. The sensitivities due to the magnetic field were 2.44 × 10−4 nm/mT and 1.8 × 10−4 nm/mT, for the first and second techniques, respectively.

An electric current optical sensor based on a passive prototype magnetostriction device for high power applications was developed and demonstrated by Satpathi et al. [66]. The optical current sensor concept was achieved by attaching a piece of Terfenol‑D to a FBG, thus producing mechanical strain that was proportional to the magnetic field amplitude. In order to obtain a linear response from the magnetostrictive alloy, the material was subjected to mechanical pre-stress and DC magnetic field bias tuning. The sensor had a linear electrical current range from 100–1,000 A, with a measured phase shift of 30° for a frequency signal at 60 Hz.

Li et al [67] demonstrated a magnetic field sensor based on dual FBG configuration consisting essentially in a rod of Terfenol‑D attached to the optical fiber. One of the gratings was fixed on both ends of the magnetostrictive alloy, while the other was only attached on one point, being the other end free to move. The configuration of dual FBGs was employed for point measurement reference and for easy temperature compensation. The maximum sensitivity achieved was 0.018 nm/mT when the applied magnetic flux density was smaller than 70 mT.

In 2006, Mora et al. [68] presented a fiber optic AC current sensor for high voltage lines based on an uniform FBG mounted on a Terfenol‑D piece. An innovative way of processing the optical signal from the sensing head allowed a simultaneous measurement of temperature and the AC current. The first physical parameter was coded on wavelength shift, while the second one was coded on the amplitude of the signal. The sensor could also operate at long distances with a capacity to be multiplexed.

Also a sensor for simultaneous measurement of AC current and temperature was reported by Reilly et al. [69]. The device was composed of a magnetically biased Terfenol‑D piece fixed to one FBG. The sensor was capable of measuring AC current at temperatures from 18 °C to 90 °C. The nonlinear effects originated by the magnetostrictive alloy were identified and methods for compensating these effects were proposed.

A hysteresis compensation technique for a magnetic field sensor, containing a magnetostrictive alloy device, was presented by Davino et al. [70]. The sensing head integrated a rod of Terfenol‑D and a FBG. Due to the nonlinear effects taking place in such materials the magneto elastic material was accurately modeled in order to compensate for hysteresis. The algorithm allowed the improvement in the sensor performance.

In 2009 and for the first time, a fiber optic magnetic field sensor with a thin film of Terfenol‑D instead of the bulk magnetostrictive materials was reported by Yang et al. [71] as shown in Figure 15. By magnetron sputtering deposition process, Terfenol‑D thin films were deposited on etched FBGs. Two methods to improve the sensitivity were demonstrated. In one, the magnetostrictive alloy was deposited over different diameters of cladding-etched FBGs. The maximum sensitivity response to magnetic field was 0.95 pm/mT for an 85 μm diameter sensor. The other method was coating FBGs with a layer of magnetostrictive alloys (FeNi and Terfenol‑D) and a multilayer with both materials. The multilayer has the highest sensitivity of 1.08 pm/mT. In this experiment, the authors not only reduced the dimensions of the sensor, but also improved the sensitivity to magnetic field.

Figure 15. Configuration of optical fiber magnetic sensor used by Yang et al. [71].
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The dependence of shape anisotropy on the strain response of magnetic field sensors based on magnetostrictive alloys and FBGs was studied by Pacheco et al. [72]. The maximum sensor sensitivity was 18 με/mT when a biased uniform field was applied for a 20 mm long Terfenol‑D cuboid shape. For gradient magnetic fields, they were able to detect a significant change in the magnetostrictive response at different positions, attaching FBGs along the cuboid containing the magnetic field direction.

Quintero et al. [73] presented a sensor for DC and AC magnetic field measurements. The grating was coated with a layer of a composite mixed with particles of Terfenol‑D. Different compositions were tested and the best magnetostrictive response was using a 30% volume fraction of Terfenol‑D mixed in a matrix of epoxy resin as blinder. The effect of a compressive pre-stress in the sensor was also investigated. They achieved a resolution of 0.4 mT without and 0.3 mT with pre-stress. The sensitivity obtained for the magnetic field was 2.2 × 10−6 mT−1, using an FBG interrogation system.

Recently, Smith et al. [74] presented a novel sensor for detect static magnetic fields using a inscribed FBG and a micromachined slot sputtered with Terfenol‑D. The grating and the slot were created with a femtosecond laser inscribing. The sensitivity to magnetic field in transmission was 0.3 pm/mT. They also measured in reflection with different polarization states achieving sensitivities between 0.2 pm/mT and 0.1 pm/mT. The use of a femtosecond laser to inscribe a FBG and create a micromachined slot simplifies greatly the fabrication process.

The first fiber optic sensor for measurement of magnetic field by integrating a highly birefringent photonic crystal fiber (HiBi PCF) combined with a Terfenol‑D epoxy resin composite material was reported by Quintero et al. [51]. An in fiber modal interferometer was assembled by evenly exciting both eigenmodes of the HiBi PCF. Changes in the cavity length as well as the effective refractive index were induced by exposing the sensing head to magnetic fields. The sensitivity obtained was 0.006 nm/mT to a range of 300 mT. Also a FBG coated with the same composite material was fabricated. For this sensor, the sensitivity achieved was 0.003 nm/mT.



4.3.3. Magnetic Fluid

In 2001, Yang et al. [75] investigated the physical mechanism of the optical transmission of magnetic fluid films under magnetic fields. Originally dispersed, the magnetic particles agglomerated forming magnetic columns in the presence of the magnetic field. The liquid phase was transparent, whereas the columns were opaque. Therefore, the liquid phase dominates the optical transmission of the magnetic fluid film. When the magnetic field strength was raised more columns were formed leading to a decrease in the optical transmission. Later on, the same group investigated the refractive index of the magnetic fluid film and founded to be magnetically modulated in the presence of an external magnetic field [76,77].

In 2007 Liu et al. [78] reported a magneto optic tunable filter based on a long period fiber grating (LPG) coated with magnetic fluid as environment media. Applying a variable magnetic field, the center wavelength shift of the attenuation band of LPG was about 7.4 nm. The refractive index dependence of magnetic fluid on the external magnetic intensity was measured and the simulation results exhibited a good agreement.

A fiber optic current sensor based on the magnetic fluid was developed by Hu et al. [79]. The magnetic fluid was used as the medium in a Fabry-Perot (FP) resonant cavity. The refractive index characteristic of the magnetic fluid suffers variations due to the external magnetic field and the current was measured by the output wavelength of the FP fiber sensor. A signal demodulation method using a FBG wavelength measurement system was proposed. The results indicated a good linearity and, the thickness and initial concentration of the magnetic fluid affected the performance of the sensor.

Dai et al. [80] investigated a novel fiber optic sensor based on magnetic fluid and etched gratings. The nanoparticles of Fe3O4 (the magnetic fluid used) were injected into capillaries containing etched FBGs acting as sensing elements. The grating with smaller diameter exhibited a wavelength shift of 86 pm, being the most sensitive. Experimental results showed a reversible response to magnetic field under 16 mT.

A magnetic ﬁeld sensor consisting of a photonic crystal ﬁber and small amount of Fe3O4 magnetic nano-ﬂuid trapped in the cladding holes of a polarization maintaining photonic crystal ﬁber were reported by Thakur et al. [81]. They demonstrated that magnetic ﬁeld of few mT can be easily and very well detected with higher sensitivity of 242 pm/mT.

Later on, a magneto optic modulator with a magnetic fluid film inserted on a Sagnac fiber interferometer was proposed by Zu et al. [82]. When the magnetic field was applied, the magnetic fluid exhibited a variable birefringence, and this Faraday Effect led to phase and polarization state variations.

Zhao et al. [83] reported the use of hollow core photonic crystal fiber (HC PCF) in the fabrication of the cavity of the FP sensor, as shown in Figure 16, which exhibits low transmission losses and insensitivity to temperature variations. The core of the HC PCF was filled with magnetic fluid allowing this way its use as a magnetic sensor. The sensitivity achieved was 0.41 pm/(A/m).

Figure 16. Structure diagram of magnetic ﬁlled HC PCF FP sensor proposed by Zhao et al. [83].
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Zu et al. [84] proposed a new magnetic field fiber sensor design based on magnetic fluids. The sensor was configured as a Sagnac interferometer with a magnetic fluid film and a section of polarization maintaining fiber inserted in a fiber loop. The wavelength shift sensitivity to magnetic field was 0.21 pm/(A/m) with a resolution of 47.7 A/m. The optical power also varied with the magnetic field strength obtaining a sensitivity of 5.02 × 10−3 dB/(A/m).




4.4. Hybrid Sensors

This type of device tries to explore the combination of the optical fiber sensors and the conventional current transducers. The main advantage is that as the insulation is provided by the fiber optic itself, and the cost of the insulation needed for a conventional current transducer would be greatly reduced [1]. Sensing systems using hybrid devices consist mainly of a conventional electrical or electronic current sensor, a current transformer (such as Rogowski coil) or a photo-electronic device, but interrogated by an optical fiber system. The principal element of this combination is an electro-optic converter which transforms electrical current modulation into optical modulation [1].

To control the sensing configurations, diverse optical modulation schemes have been reported in recent years, such as optical phase modulation [85], intensity modulation [86], frequency modulation [87], polarization modulation [1] and chromatic modulation [88]. Figure 17 shows an experimental configuration for this type of sensor.

Figure 17. Typical setup of a hybrid sensor configuration.
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5. Commercially Available Prototypes

There are several companies that have commercial products available for high voltage electrical current measuring based in optical systems. The company AIRAK developed an optical fiber based current sensor (Figure 18(a)) for monitoring medium voltage electrical distribution lines. The sensor is very lightweight (about 1.25 lbs (0.57 kg)) and small size (about 11” × 7” × 6.25” (28 cm × 18 cm × 16 cm)). As for the technical details, the sensor meets the IEEE 36 kV insulation class, has a resolution better than 0.5% f.s., an operating frequency range of 5 Hz-5 kHz, temperature range of 40 °C to +80 °C, and has a full scale measurement range of 1 kA, 3 kA or 15 kA. The DISCOS outdoor current sensor from PowerSense, developed for AC measurement in lines of up to 36 kV, has a dynamic range from 5 A to 20 kA with a measuring accuracy of 2%.

Figure 18. Commercially available prototypes for high voltage electrical current measuring based in optical systems: (a) AIRAK’s Overhead Mountable Optical Current Sensor (b) NxtPhase’s NXCT Optical current sensor (c) ABB’s MOCT (Magneto-Optical Current Transformer) (d) SIEMENS’s Optical current sensor.
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For higher voltage systems, companies like NxtPhase (now Alstom Grid) and ABB present similar solutions to measure electrical current on electrical potentials up to 800 kV.

The sensor NXCT from NxtPhase (Figure 18(b)), has a dynamic range from 1 A to 4 kA with performances that exceeds the IEC Class 0.2S and IEEE Class 0.3 accuracy (0.15%) for metering applications. The sensor is also able to measure up to 63 kArms for short-time current (about 1 s) and accurate waveform reproduction up to 6 kHz. Different sensor weights, between 108 lbs (49 kg) for 72.5 kV and 210 lbs (95 kg) for 800 kV are supplied. The sensor can operate in a temperature range between 40 °C to +55 °C.

As for the sensor MOCT from ABB (Figure 18(c)), it also has a dynamic range from 1 A to 4 kA with accuracy performances that exceed IEC Class 0.2S and ANSI Class 0.15 s for metering applications. The system provides accurate waveform reproduction up to 100 kA. Different sensor weights, between 110 lbs (50 kg) for 72.5 kV and 410 lbs (186 kg) for 800 kV are also supplied.

An optical current sensor from SIEMENS is also presented in Figure 18(d), although technical data are not available.





6. Conclusions

A review of optical current sensors for high voltage current sensing applications, including the different configurations, physical principles, advantages and disadvantages and state-of-the-art including commercially available systems, was presented.

In all-fiber sensors, immunity against external currents/magnetic fields can be easily obtained, although linear birefringence can present a serious limitation to the performance of the sensor. Commercially available sensors for DC current measurement have been shown to measure up to 500 kA with 0.1% accuracy and for AC current measurement up to 63 kARMS with 0.1% accuracy.

Bulk magneto-optical sensors are more robust when compared to all-fiber sensors, being more protected against mechanical and thermal gradients, vibrations and other noises, although immunity against external currents/magnetic fields is harder to obtain. They have also higher Verdet constants and low linear birefringence which allows for high sensitivities over high measurement ranges. Commercially available sensors which allow for AC current measuring from 20 A to 20,000 A with maximum errors of 2% and sensors which allowed to measure up to 720 kA have been demonstrated.

With regard to magnetic force optical current sensors, the use of magnetostrictive materials, such as Terfenol‑D, attached to an FBG in an optical fiber can present an interesting solution. Using this idea, a prototype was able to measure current in a range of 100–1000 A for a frequency signal at 60 Hz. Sensors able to measure DC current have also been demonstrated.

Lastly, Hybrid sensors can be explored in order to try to combine the best properties of conventional technology and new (optical) technology. The insulation provided by an optical fiber could reduce the cost of the insulation needed for a conventional current transducer. A very important issue regarding Hybrid sensors is that they can be used as a first step to start implementing optical current sensors in the industry, before exclusively optical current sensors can be further developed.
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