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An Optically-Interrogated Rogowski Coil for Passive, Multiplexable Current Measurement
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Abstract—We report on the design and implementation of a novel hybrid electro-optical sensor for the measurement of electric current. A fibre Bragg grating is utilised to passively interrogate an air-cored coil via a low-voltage piezoelectric multilayer stack. Peak Bragg reflections are strain-tuned by the Rogowski coil/ piezoelectric transducer combination, allowing primary current reconstruction to be performed remotely and without active electronics at the sensor. The preliminary embodiment demonstrates long-distance, passive measurement of current for metering and protection relaying applications, and retains the fibre transducer's capability for serial multiplexing.
Index Terms—fibre Bragg grating, optical current sensor, Rogowski coil, power system instrumentation
I. Introduction
F
IBRE-OPTIC sensing is a high-performance measurement technology incorporating transducers and sensor networks that are passive, compact, chemically inert, immune to electromagnetic interference, and able to be interrogated over long distances [1]. In the electrical power industry, optical current transducers (OCTs) are now relatively well established and provide a passive and highly accurate measurement of electrical current [2]. However, this technology has been unable to fully displace conventional iron-core current transformers (CTs) due to the conservative nature of the power instrumentation market and a lack of perceived benefits.
In contrast to conventional CTs, Rogowski coils exhibit a linear response and are not subject to saturation or hysteresis, but are able to provide only a small output power. Due to their favourable characteristics, Rogowski coils have recently been strongly recommended for replacement of CTs in power system instrumentation [3]. However, the accepted method of interrogation for Rogowski coils (the analogue or increasingly digital integration of the generated emf) requires sampling, analogue-to-digital conversion, integration, and data transmission to be performed at the measurement location, which is impractical in many situations.
In this letter we propose an alternative technique – utilizing standard fibre Bragg gratings (FBGs) – for optical/piezoelectric interrogation of the small Rogowski voltage. The proposed sensor allows distant and passive interrogation of Rogowski coils, circumventing the requirement for local, active, and robust electronics, and facilitating serial multiplexing of Rogowski coil current sensors.
II. System Design
A. Measurement principle

Fig. 1 illustrates the test configuration for the proposed technique, including a single transducer and the optoelectronic interrogation scheme. The transducer comprises a Rogowski coil, low-voltage piezoelectric multilayer stack, and bonded FBG strain sensor. To protect the stack from overvoltage, a transient voltage suppression (TVS) diode is included in parallel with the piezoelectric element, as shown.
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Fig. 1.  Test configuration of optically-interrogated Rogowski coil for remote current measurement. BBS is broadband source, UMZI is unbalanced Mach-Zehnder interferometer.
The measurement principle is as follows: strain proportional to the emf generated by the Rogowski coil (v(t) = –M∙di(t)/dt) is imparted to the fibre sensor by the piezoelectric multilayer stack. In response, the wavelength reflected by the fibre sensor shifts in accordance with the Bragg equation λB = 2nd, where n is the refractive index of the fibre core and d is the period of the grating, which responds to the applied strain [4].
By tracking the peak reflected wavelength from the transducer, the voltage generated at the Rogowski output may be measured and used to reconstruct primary current via
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where ξ is the photoelastic coefficient in silica fibre (~0.78), λB is the initial Bragg wavelength, M is the mutual inductance of the air-cored coil, p is the strain/volt coefficient of the piezoelectric stack (~15 με/V in this study), and Δλ is the measured change in sensor wavelength.
B. Interrogation technique
The FBG sensor reflects continually within the bandwidth of the broadband source. The reflected signal is coupled into an interferometric detection scheme, demonstrated elsewhere to be compatible with serial multiplexing [5]. Within the unbalanced Mach-Zehnder interferometer (optical path difference Δ = 3 mm), the incident wavelength is converted to a phase difference φ which is calculated using
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and related to the sensor wavelength by 
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. The μ, α and γ are normalising parameters as described in [6], and V1-3 are the outputs of photodetectors from Fig. 1.
III. Preliminary Results
To demonstrate the proposed technique – including the capability for remote operation – the transducer arrangement was separated from the interrogation system by 6.5 km of SMF-28e optical fibre. A Rogowski coil with mutual inductance of 3.15 μH (yielding ~1 mV/A at 50 Hz) was interrogated by an FBG strain sensor situated at a wavelength of 1550 nm. The fibre sensor was bonded by epoxy to a piezoelectric multilayer having a calibrated response of ~15 με/V.
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Fig. 2. (a) Measured time-domain voltage signal during application of 10 V peak ac 50 Hz to optical voltage sensor, and (b) frequency domain transform illustrating spectral noise floor.

Fig. 2 illustrates the response of the hybrid optical voltage sensor (no coil connected) subject to direct application of 7.07 V rms. The noise floor of the hybrid voltage sensor was calculated during a quiescent period to be ~ 1 mV/√Hz.

Fig. 3 demonstrates the present performance of the full scheme illustrated by Fig. 1, during the application of 400 A (peak) primary current. A voltage of 0.4 V peak is measured optically, as is expected based upon the value of mutual inductance for this coil (Fig. 3(a)). The noise level is comparatively large for this value of primary current, leading to strong quasi-static drift in the value of reconstructed current. It is clear that there is inconsistency between applied and reconstructed current magnitudes, which can be corrected by recalibration of the strain/volt coefficient p in (1). Fig. 3(b) is recorded after primary current reconstruction using (1) and simple drift compensation by subtraction of the dc term calculated over one cycle.
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Fig. 3.  (a) Real-time voltage signal sampled at 2 kHz by the optically-interrogated Rogowski coil during application of 400 A  peak ac signal. (b) Reconstruction of primary current by numerical integration of measured voltage.
IV. Conclusions
In this letter we have proposed and demonstrated an optically-interrogated Rogowski coil for passive current measurement at long distances. The transducers do not require a local power source and may be serially-multiplexed along a single optical fibre. Due to the large dynamic range, light weight, and passive interrogation, the proposed sensor will be applicable to a wide range of metering and protection relaying applications. Further work will be required to develop reliable drift compensation at the current reconstruction stage.
References

[1] B. Lee, “Review of the present status of optical fiber sensors,” Optical Fiber Technology, vol. 9, pp. 57-79, 2003.

[2] K. Bonhert, P. Gabus, J. Kostovic, H. Brandle, “Optical fiber sensors for the electric power industry,” Optics and Lasers in Engineering (Elsevier), vol. 43, pp. 511–526, 2005.
[3] “Practical Aspects of Rogowski Coil Applications to Relaying,” IEEE PSRC Special Report, IEEE Power Engineering Society, Sep 2010.

[4] Y. J. Rao, “In-fibre Bragg grating sensors,” Meas. Sci. Tech., vol. 8, pp. 355–375, 1997.

[5] P. Orr and P. Niewczas, “High-Speed, Solid State, Interferometric Interrogator and Multiplexer for Fiber Bragg Grating Sensors,” J. Lightwave Tech., vol. 29, no. 22, pp. 3387–3392, Nov 2011

[6] M. D. Todd, M. Seaver, and F. Bucholtz, “Improved, operationally-passive interferometric demodulation method using 3×3 coupler,” Elec. Lett., vol. 38, no. 15, pp. 784–786, 2002.
Manuscript accepted 10th March, 2013.  This work was supported in part by the Engineering and Physical Sciences Research Council and in part by Toshiba Corporation.


P. Orr and P. Niewczas are with the Institute for Energy and Environment, University of Strathclyde, 204 George Street, Glasgow, G1 1XW, UK. (phone: +44 (0)141 548 4841; e-mail: philip.orr@strath.ac.uk).


F. Kawano and P. Beaumont are with Toshiba International (Europe), Durham, DH1 5TS, UK (e-mail: kawanof@til.toshiba-global.com). 


Tomonori Nishida is with Toshiba Corporation, Tokyo, 105-8001, Japan (e-mail: tomonori2.nishida@toshiba.co.jp).





_1410086033.unknown

_1410165160.unknown

_1344347138.unknown

