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Abstract

:

This paper reports on the construction and characterization of an optical voltage transducer module for applications in the field of wide-area monitoring, protection, and control (WAMPAC). The optical medium voltage transducer (MVT) module was designed to be combined with a capacitive voltage divider (CVD) to form a voltage sensor intended for 132 kV high voltage (HV) networks. The MVT module comprises a combination of a piezoelectric transducer (PZT) and a fiber Bragg grating (FBG) as a core optical sensing element. Changes in the input voltage across the PZT translate into strain being detected by the FBG. The resultant FBG peak wavelength can be calibrated in terms of the input voltage to obtain a precise voltage measurement. The module was experimentally evaluated in the laboratory, and its performance was assessed based on the requirements specified by the IEC standards for electronic voltage transformers and low power voltage transformers. The results of accuracy tests demonstrate that the MVT module is free from hysteresis, within the experimental error, and is capable of simultaneously meeting the requirements for 0.1 metering and 1P protection classes specified by the IEC 60044-7 and IEC 61869-11 standards.
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1. Introduction


High energy prices and decreasing cost of distributed energy resources combined with the need for the reduction of greenhouse gas emissions have encouraged utilities to replace coal- and gas-fired power stations with renewable generation [1]. In 2018, about 33% of energy in Europe and the United Kingdom was produced from renewable energy sources (RES) [1]. The European Commission’s long-term plans from 2011 were to increase the energy generation from RES to 66% by 2050, and this objective is still supported today [1,2,3]. The proposed energy transformation pathway is based largely on renewable energy sources and steady improvements in energy efficiency, with wind and solar photovoltaic (PV) technologies envisaged to make the bulk of the European RES installations [1]. This shift toward RES has a high impact on the existing electrical network infrastructure. Increased complexity of the power system presents new challenges to existing wide-area monitoring, protection and control (WAMPAC) schemes [4]. WAMPAC ensures the increased network visibility and fast reaction to the network demands and disturbances, a significant reduction in the number of blackouts, and improvements in the power networks reliability and security [5,6,7]. This is achieved by combining the most recent developments in the fields of conventional measurement, communications, and computing [8].



Electricity distribution networks are essential to wide-area power systems and combine overhead lines, underground cables, and step-down transformers to distribute electrical power to primary and secondary customers [9,10]. Among many problems related to the electrical network functionality and stability are temporary or permanent faults potentially causing damage to electrical equipment and leading to temporary power outages or blackouts with durations sometimes reaching several hours [10,11,12,13]. Therefore, novel sensor systems offering remote and distributed voltage and current measurements while remaining cost-competitive with the current technology are desired for the developing WAMPAC systems.



A suite of optical voltage and current sensors utilizing fiber Bragg gratings (FBGs) and piezoelectric transducers (PZT) was previously proposed by the authors to enable multiple, remote, distributed, passive current and voltage measurements over long distances that can be applied to a wide range of metering and protection applications [14,15,16,17,18]. The proposed variants utilize low-voltage “soft” piezoelectric transducers to either measure the output of a conventional CT or Rogowski coil for current measurement or use the same method for sensing the secondary voltage of a capacitor divider, e.g., to achieve voltage measurement at 132 kV [17]. Alternatively, direct voltage measurement at medium voltage by using larger “hard” piezoelectric (PZT) transducers measuring multi-kV-level voltages were also developed [16,18].



Hard piezoelectric materials can be operated at higher voltages and demonstrate better linearity, smaller hysteresis, and better short- and long-term stability than the soft equivalents [10]. Narrower hysteresis in the hard PZTs directly translate into smaller phase displacements between input and output signals of the sensors. This in turn results in no need for hysteresis compensation, saving precious signal processing and computing power required by the interrogator hardware and allowing for interrogating a greater number of sensors. It is also expected that long-term voltage-to-strain response of hard PZTs is superior over the soft PZTs due to the more stable material properties of the hard PZT transducers [19,20,21]. In the previous tests that were carried out by the authors, the effects of aging and de-aging (sensitivity changes) in the soft PZT were worse than those in the hard PZT [10,19,22], which is especially important at rapid signal changes, such as those during faults or lightning impulse events. However, for the application of the hard PZT for direct measurement of high voltage, a scaled-up version of the previous design for MV networks [16,18] does not seem to be feasible. This is because the requirements for the limits of the permissible electric field in the PZT components and the consequent dimensions of the component do not seem to be practical for an HV sensor [10]. To protect the PZT stack against overvoltage conditions, it must be designed to withstand excessive voltage of power frequency and the lightning impulse tests, which requires large piezoelectric transducers. This can be achieved by designing the sensor to operate at voltage levels being only a fraction of the sensor maximum working range, but the size of the component would not be practical in this case. Therefore, a medium-voltage hard piezoelectric transducer (MVT) was proposed by the authors as reported in [10] to work in tandem with a CVD. The proposed MVT is aimed at monitoring 132 kV networks, but it could easily be adapted to other network voltage levels by providing a suitable CVD.



In this paper, we concentrate on the construction and experimental evaluation of the MVT module proposed in [10]. This paper focuses on the assessment of the MVT module’s capability to comply with metering and protection class requirements according to the IEC 60044-7 and IEC 61869-11 standards [23,24]. The analysis presented in this paper considers only the voltage delivered from the CVD output, which is apparent across the MVT terminals. The stability of the CVD division ratio and other effects related to CVD performance are not discussed in this paper [10].




2. Materials and Methods


2.1. Sensor Voltage Requirements


The proposed HV optical voltage sensor (OVS) is designed to be connected between one phase of a 50 Hz 132 kV system and Earth. Its rated voltage is equal to 76 kV, with a rated voltage factor of 1.2 applicable to measurements between phase and Earth on a continuous basis. The device is expected to withstand the rated power–frequency voltage of 275 kV and the rated lightning–impulse voltage of 650 kV as specified by the relevant IEC standards [23].




2.2. Fiber Bragg Gratings Technology


An FBG sensor is a periodic alteration of the refractive index in an optical fiber core, which is formed by exposing a 5–10 mm section of the core to ultraviolet (UV) light of modulated intensity. When broadband light illuminates the FBG, it reflects a range of wavelengths of the incident light with a distinctive peak at so-called Bragg wavelength, λB. The Bragg wavelength is determined during production of the sensor and is determined by the grating period, Λ, and the effective refractive index, ne, of the fiber [25]:


   λ B  = 2  n e  Λ  



(1)







The grating period and the refractive index are functions of temperature and strain affecting the optical fiber. Thus, FBGs can measure both temperature and strain directly or indirectly in other quantities, such as voltage, current, magnetic field. The change in the Bragg wavelength due to change in temperature, ΔT, and strain, ε, is described by the following equation [25]:


    Δ  λ B     λ B    =  k T  Δ T +  k ε  ε  



(2)




where kT and kε are the temperature and strain sensitivities, respectively. By isolating an FBG from the strain, only temperature can be measured. To measure mechanical strain, temperature compensation is required. This is normally achieved by using a dedicated temperature-measuring FBG [10].



The FBGs can be daisy chained to allow for relatively easy interrogation and multiplexing, and their wavelength-encoding nature makes them immune to the problems of intensity fluctuations and attenuation [25].




2.3. Medium Voltage Transducer


The MVT design was previously presented in [10]. In the proposed design, the FBG sensor suspended, between two ceramic arms attached to two metallic electrodes bridges, a single cylindrical block of PIC181 material from Physik Instrumente (PI) [10,22,26]. The piezoelectric element and the ceramic arms are attached to the electrodes using thin layers of a conducting epoxy while the fiber is attached to the arms using a UV epoxy. Strain proportional to the input voltage is transferred to the FBG by the piezoelectric component. The MVT construction ensures theoretical two-fold strain amplification [26].



The MVT specifications are summarized in Table 1 below.



The sensor is suitable for remote interrogation, and by tracking the instantaneous FBG peak wavelength shifts, the input voltage can be reconstructed. Tracking the average wavelength allows the local sensor temperature to be derived, which can be used for temperature compensation of the sensor voltage readings as discussed in [10].




2.4. Sensor Construction


The proposed construction of a medium voltage transducer is shown in Figure 1. The MVT was placed in a hermetic ABS (polyacrylonitrilebutadiene-styrene) enclosure with a polyurethane gasket, and the electrical connections between the electrodes and the relevant connectors were provided using copper wires with a 2 mm diameter. The transducer was then potted with a dielectric gel, having a dielectric strength of 23 kV/mm and dielectric constant of 2.7, to reduce the electric field strength around the sensor. For the duration of the curing process of the gel, the unit was kept in a vacuum to facilitate degassing of the gel. The abovementioned enclosure will be modified for integration with a dedicated CVD. The purpose of the present enclosure is to provide a suitable arrangement for detailed characterization of the prototype device.



Calibration and testing of the transducer module were performed as described in Section 3.




2.5. Capacitive Voltage Divider


The anticipated configuration for a high-voltage (HV) capacitive voltage divider is shown in Figure 2 [10]. The capacitive voltage divider is used to reduce the high voltage to the level that can normally be managed by the MVT. To bring the voltage down from 76 to 1 kV, a voltage division ratio (VDR) of 76 was chosen. Assuming an MVT capacitance of 10.4 pF, the practical values of capacitors C1 and C2 would be 1 and 75.2 nF, respectively.



A bespoke CVD will be housed in a single HV composite insulator and will be provided by an external supplier as in the case of the alternative HV OVS design presented in [17]. Access to the medium voltage output of the divider will be provided inside a suitable enclosure at ground level where the MVT will be placed and connected to the isolated CVD medium voltage terminal [10,17].



The CVD will be required to comply with the requirements for power frequency and the lightning impulse will withstand voltages and partial discharge limits set by the relevant IEC standards. The details of the CVD design are beyond the scope of this paper and are considered as future work.





3. Results


3.1. Accuracy Requirements


As discussed earlier, the MVT is dedicated to monitor the output of a bespoke HV CVD, and its rated voltage is 1 kV (1.41 kV peak) [10]. For a primary rated voltage of 1 kV, the relevant rated voltage factors are 1.2 and 1.5, which are applicable to measurements between phase and Earth on a continuous and 30 s duration basis, respectively [23]. The device must also withstand the rated power frequency for 60 s and 30 positive and negative impulses of the rated lightning impulse voltage levels, as set by the relevant standards.



Since the sensor is aimed at being compliant with protection and metering classes, its voltage measurement errors at the rated frequency must be below the limits specified in Table 2 and Table 3 [23,24].



For metering class, the voltage and phase errors at the rated frequency should not exceed the values specified in Table 3 at any voltage between 80% and 120% of the rated voltage [18,23,24].



In addition to the above requirements, the accuracy needs to be verified at the rated voltage and at frequencies equal to 96% and 102% of the rated frequency, the requirement for protection class devices, and at frequencies equal to 99% and 101% of the rated frequency, the requirement for metering class devices [18,23,24].




3.2. Experimental Setup


A schematic diagram of the experimental setup is shown in Figure 3. Calibration and testing of the MVT module was performed by applying a comparison method specified by IEC 60060-2 [27]. The device under test (DUT) was connected in parallel with a voltage reference system and was calibrated by comparing both measurement system outputs.



The prototype MVT was calibrated and tested in the laboratory conditions at room temperature (20 ± 1 °C). The test voltage was provided from a step-up transformer (Majestic Transformers) with a voltage ratio of 400/20,000 V/V. The transformer was powered from a programmable AC source, Chroma 61512, capable of delivering 18 kVA at 300 V. A Fluke 80K-6 voltage probe (VP), having a 1000:1 V/V voltage division ratio (VDR) and an AC accuracy of ±1%, was used as a voltage reference. The unit is suitable for measuring DC and AC voltages up to 6 kV. The VP output was monitored by a dedicated PCIe 6363 (National Instruments) data acquisition card (DAQ) installed in a personal computer (PC).



During calibration and accuracy testing, the MVT sensor was illuminated by a broadband light source, and the reflected signals were analyzed using an FBG interrogator, I-MON 256 USB (Ibsen Photonics), connected to a PC. The optical system clock in I-MON (4 kHz) was used to synchronize the interrogator readings with the DAQ readings. The clock signal from I-MON was provided to the DAQ via a dedicated synchronization link, and the DAQ sampling rate was set to 4 kS/s. The measurements retrieved from both optical and electrical measurement systems were used to calculate rms values and measurement errors. The voltage amplitude and phase errors were calculated according to IEC 61869-11 and IEC 60060-2 [24,27].



A photograph of the MVT module connected to a 400/20,000 V/V transformer and the voltage probe during tests is shown in Figure 4.



The MVT module was energized from a single phase of a 20 kV three-phase transformer.




3.3. Sensor Characterization and Accuracy Testing


To calibrate the MVT, a 50 Hz sinusoidal voltage was applied to the sensor in the range from 2% to 120% of the nominal voltage (1 kV) at 2%, 5% and in 10% steps between 10% and 120% of the nominal. The readings of the optical signals from the sensor and the readings from the voltage probe were saved together at each voltage level. At each voltage level, 400 samples, equivalent to five periods of 50 Hz signals, were captured. The rms values were then calculated from five periods at each voltage level.



The instantaneous reference voltage and wavelength signals at the sensor-rated voltage of 1 kV are shown in Figure 5, and the sensor hysteresis for voltages between 2% and 120% of the rated voltage are shown in Figure 6. As can be seen, there is no hysteresis, and the phase displacement between the wavelength and the reference voltage is nearly zero (within the experimental error).



The sensor calibration curve, shown in Figure 7, was created using a second-order polynomial fitted into the rms data obtained from the first characterization run for the reference voltage and the wavelength between 2% and 120% of the nominal voltage. The resultant parabolic equation was then implemented in the interrogator software and was used to convert the FBG peak wavelength shifts into the measured voltage levels.



To evaluate the capability of the sensor to meet protection and metering accuracy requirements, 50 Hz voltage waveforms with amplitudes of 2%, 20% and between 80% and 120% of the device-rated voltage were applied as part of the test procedure. The measurements were repeated three times.



The amplitude (voltage) error in steady-state condition is defined according to the following equation:


   ε u   ( % )  =    U p  −  U  r e c      U p    × 100  



(3)




where Up is the rms value of the primary voltage, and Urec is the rms value of the reconstructed voltage.



The phase error is calculated as the difference in phase between the secondary output (reconstructed voltage) phasor and the primary voltage phasor:


   ε u   ( % )  =    U p  −  U  r e c      U p    × 100  



(4)




where φp and φs are respectively the primary and secondary phase displacements.



The voltage amplitude and phase errors for the combined three consecutive test runs are shown in Figure 8 and Figure 9, respectively.



The succeeding experiment relied on testing the sensors performance at the rated voltage and at frequencies equal to 96% and 102% of the rated frequency, the requirement for protection class devices, and at frequencies equal to 99% and 101% of the rated frequency, the requirement for metering class devices. For 50 Hz rated signals, this is equivalent to 48 and 51 Hz, and 49.5 and 50.5 Hz, respectively. The voltage amplitude and phase error results of three consecutive runs are presented in Figure 10 and Figure 11.





4. Discussion


As can be seen from the results presented in Section 3, the MVT module has minimal hysteresis and nearly zero phase displacement between the input and output signals. The minimal hysteresis of the MVT is highly beneficial, as running intensive signal processing tasks on the interrogator to compensate for hysteresis [28] are not needed. The previous embodiment of the HV OVS based on soft piezoelectric materials required hysteresis compensation to minimize the phase and amplitude errors to meet the measurement accuracy requirements. In the case of the MVT module, by using only amplitude scaling, a large amount of signal processing and computing power is saved in the interrogator hardware, which is especially important when several dozens of sensors are to be interrogated simultaneously.



As indicated in Table 1 and Table 2, for the IEC 0.1 metering class, the voltage errors at the rated frequency should not exceed ±0.1% at any voltage between 80% and 120% of the rated voltage (0.8 and 1.2 kV, respectively) while the phase errors should be below ±0.08° (±5 min). As can be seen from the results presented in Section 3, the MVT voltage and phase errors are within the limits set by the IEC 60044-7 and IEC 61869-11 standards. The voltage and phase errors remained within the limits for the rated voltage and frequencies between 99% and 101% of the rated frequency (50 Hz) as set by IEC 60044-7.



The voltage errors at 2% of the nominal voltage (0.02 kV) were below the limit of ±4%. At 20% of the nominal voltage (0.2 kV), the errors were below the ±2% limit, and between 80% and 120% of the rated voltage (at 1.2 voltage factor for this sensor), the errors were below ±1%. The phase errors at 2% of the nominal voltage (0.02 kV) were below the limit of ±2.66° (±160 min). At 20% of the nominal voltage (0.2 kV), the errors were below ±1.33° (±80 min) limit, and between 80% and 120% of the rated voltage (at 1.2 voltage factor for this sensor), the errors were below ±0.66° (±40 min). Clearly, the MVT performance is better than the requirements set by the IEC 61869-11 standard for the 1P class multipurpose devices, which also satisfies the requirements for the 3P class protection devices. The voltage and phase errors remained within the limits for the rated voltage and frequencies between 98% and 102% of the rated frequency (50 Hz), as required by IEC 60044-7.



Based on the results demonstrated above, it can be concluded that the same device has the potential to meet the 1P protection class and 0.1 metering class.



The measurement accuracy requirements for the proposed device were based on IEC 60044-7 for Electronic Voltage Transformers and IEC 61869-11 for Low Power Voltage Transformers as the most appropriate standards. Since the new IEC 61869-7 standard is not available at the time of writing of this paper, and the document forecast publication date is currently set to December 2022 [22], IEC 60044-7 is still in force.



The MVT calibration and accuracy testing were carried out within a few hours on a single day. Although the divider was sufficiently stable over that period, further work is required to establish its performance in terms of day-to-day or long-term stability.



It is also envisaged that the measurement errors could be further reduced when a more accurate reference voltage probe is utilized for characterization of the sensors, together with an interrogator system offering lower noise level and better wavelength resolution. This could be achievable with the interferometric interrogation method such as that previously proposed by the authors in [29].




5. Conclusions


In this paper, the construction and initial characterization of an optical voltage sensor for application in the field of wide-area monitoring, protection, and control (WAMPAC) have been presented. The optical medium voltage transducer (MVT) module under investigation was designed to be combined with a capacitive voltage divider (CVD) intended for 132 kV high voltage networks. The MVT module was experimentally evaluated in the laboratory conditions, and its performance was assessed based on the operational requirements specified by the IEC standards for electronic voltage transformers and low power voltage transformers. The results of the accuracy tests demonstrate that the MVT module is capable of meeting the requirements for the 0.1 metering and 1P protection and multipurpose devices specified by the IEC 60044-7 and IEC 61869-11 standards.



Future work will focus on performing additional MVT module tests, including temperature, routine and special tests (such as lightning impulse tests) according to the relevant standards.







Author Contributions


Conceptualization, G.F. and P.N.; methodology, G.F. and P.N.; software, G.F.; validation, G.F.; formal analysis, G.F.; investigation, G.F.; resources, G.F. and P.N.; data curation, G.F.; writing—original draft preparation, G.F.; writing—review and editing, G.F. and P.N.; visualization, G.F.; supervision, P.N.; project administration, P.N.; funding acquisition, P.N. All authors have read and agreed to the published version of the manuscript.




Funding


The research presented in this paper was carried out within the YETIS project. YETIS is funded by Energy Catalyst, an Innovate UK program that is funded by the Foreign, Commonwealth and Development Office (FCDO); and the APC was funded by the University of Strathclyde.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data underpinning this publication are openly available from the University of Strathclyde KnowledgeBase at https://doi.org/10.15129/5f1cdedf-1bb3-49c3-9085-b41db49b85af (accessed on 7 July 2022).




Acknowledgments


We thank Neil Gordon and Philip Orr of Synaptec, lead partner in the Innovate UK project consortium, and other consortium members, for useful discussions and collaboration on this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Vita, A.; Tsiropoulos, I.; Capros, P. ASSET Study on Energy Outlook Analysis; European Commission: Brussels, Belgium, 2020. [Google Scholar]

	



Hojabri, M.; Dersch, U.; Papaemmanouil, A.; Bosshart, P. A Comprehensive Survey on Phasor Measurement Unit Applications in Distribution Systems. Energies 2019, 12, 4552. [Google Scholar] [CrossRef]

	



Oettinger, G.H. Roadmap 2050; European Commission: Brussels, Belgium, 2011. [Google Scholar]

	



Lee, J.W.; Kim, W.K.; Han, J.; Jang, W.H.; Kim, C.H. Fault area estimation using traveling wave for wide area protection. J. Mod. Power Syst. Clean Energy 2016, 4, 478–486. [Google Scholar] [CrossRef]

	



Terzija, V.; Valverde, G.; Cai, D.; Regulski, P.; Madani, V.; Fitch, J.; Skok, S.; Begovic, M.M.; Phadke, A. Wide-Area Monitoring, Protection, and Control of Future Electric Power Networks. Proc. IEEE 2011, 99, 80–93. [Google Scholar] [CrossRef]

	



Phadke, A.G.; Wall, P.; Ding, L.; Terzija, V. Improving the performance of power system protection using wide area monitoring systems. J. Mod. Power Syst. Clean Energy 2016, 4, 319–331. [Google Scholar] [CrossRef]

	



Zobaa, V. (Ed.) Wide Area Monitoring, Protection and Control Systems: The Enabler for Smarter Grids; Institution of Engineering and Technology: London, UK, 2016; ISBN 9781849198301. [Google Scholar]

	



Wall, P.; Dattaray, P.; Jin, Z.; Mohapatra, P.; Yu, J.; Wilson, D.; Hay, K.; Clark, S.; Osborne, M.; Ashton, P.M.; et al. Deployment and demonstration of wide area monitoring system in power system of Great Britain. J. Mod. Power Syst. Clean Energy 2016, 4, 506–518. [Google Scholar] [CrossRef]

	



Gan, C.K.; Silva, N.; Pudjianto, D.; Strbac, G.; Ferris, R.; Foster, I.; Aten, M. Evaluation of alternative distribution network design strategies. In Proceedings of the IET Conference Publications, Edinburgh, UK, 28–30 April 2009; IET: London, UK, 2009; p. 690. [Google Scholar]

	



Fusiek, G.; Niewczas, P. Conceptual design and evaluation of an optical sensor for wide-area high-voltage metering and protection applications. In Proceedings of the I2MTC 2021—2021 IEEE International Instrumentation and Measurement Technology Conference, Virtual, 17–20 May 2021. in press. [Google Scholar]

	



Wang, L. The Fault Causes of Overhead Lines in Distribution Network. MATEC Web Conf. 2016, 61, 02017. [Google Scholar] [CrossRef]

	



Lehtonen, M. Fault rates of different types of medium voltage power lines in different environments. In Proceedings of the 2010 Electric Power Quality and Supply Reliability Conference, Kuressaare, Estonia, 16–18 June 2010; pp. 197–202. [Google Scholar] [CrossRef]

	



Haes Alhelou, H.; Hamedani-Golshan, M.; Njenda, T.; Siano, P. A Survey on Power System Blackout and Cascading Events: Research Motivations and Challenges. Energies 2019, 12, 682. [Google Scholar] [CrossRef]

	



Orr, P.; Fusiek, G.; Niewczas, P.; Booth, C.D.; Dysko, A.; Kawano, F.; Nishida, T.; Beaumont, P. Distributed Photonic Instrumentation for Power System Protection and Control. IEEE Trans. Instrum. Meas. 2015, 64, 19–26. [Google Scholar] [CrossRef]

	



Nelson, J.; Fusiek, G.; Clayburn, L.; Niewczas, P.; Booth, C.; Orr, P.; Gordon, N. Development and testing of optically-interrogated current sensors. In Proceedings of the 2016 IEEE International Workshop on Applied Measurements for Power Systems (AMPS), Aachen, Germany, 28–30 September 2016; IEEE: Manhattan, NY, USA, 2016; pp. 1–5. [Google Scholar]

	



Fusiek, G.; Nelson, J.; Niewczas, P.; Havunen, J.; Suomalainen, E.-P.; Hallstrom, J. Optical voltage sensor for MV networks. In Proceedings of the 2017 IEEE SENSORS, Glasgow, UK, 29 October–1 November 2017; IEEE: Manhattan, NY, USA, 2017; pp. 1–3. [Google Scholar]

	



Fusiek, G.; Niewczas, P.; Gordon, N.; Orr, P.; Clarkson, P. 132 kV optical voltage sensor for wide area monitoring, protection and control applications. In Proceedings of the I2MTC 2020—2020 IEEE International Instrumentation and Measurement Technology Conference, Dubrovnik, Croatia, 25–28 May 2020. [Google Scholar]

	



Fusiek, G.; Niewczas, P. Photonic Voltage Transducer with Lightning Impulse Protection for Distributed Monitoring of MV Networks. Sensors 2020, 20, 4830. [Google Scholar] [CrossRef] [PubMed]

	



Promsawat, M.; Marungsri, B.; Promsawat, N.; Janphuang, P.; Luo, Z.; Pojprapai, S. Effects of temperature on aging degradation of soft and hard lead zirconate titanate ceramics. Ceram. Int. 2017, 43, 9709–9714. [Google Scholar] [CrossRef]

	



Guillon, O.; Thiebaud, F.; Perreux, D. Tensile fracture of soft and hard PZT. Int. J. Fract. 2002, 117, 235–246. [Google Scholar] [CrossRef]

	



Peddigari, M.; Kim, G.-Y.; Park, C.H.; Min, Y.; Kim, J.-W.; Ahn, C.-W.; Choi, J.-J.; Hahn, B.-D.; Choi, J.-H.; Park, D.-S.; et al. A Comparison Study of Fatigue Behavior of Hard and Soft Piezoelectric Single Crystal Macro-Fiber Composites for Vibration Energy Harvesting. Sensors 2019, 19, 2196. [Google Scholar] [CrossRef] [PubMed]

	



PI Physik Instrumente Ltd. Available online: http://www.piceramic.com/product-detail-page/p-882 (accessed on 18 November 2020).

	



IEC 60044; Instrument Transformers—Part 7: Electronic Voltage Transformers. IEC: Geneva, Switzerland, 1999.

	



IEC 61869; Instrument Transformers—Part 11: Additional Requirements for Low-Power Passive Voltage Transformers. IEC: Geneva, Switzerland, 2017.

	



Rao, Y.-J. In-fibre Bragg grating sensors. Meas. Sci. Technol. 1997, 8, 355–375. [Google Scholar] [CrossRef]

	



Fusiek, G.; Niewczas, P.; Judd, M.D. Towards the development of a downhole optical voltage sensor for monitoring electrical submersible pumps. Sens. Actuators A Phys. 2012, 184, 173–181. [Google Scholar] [CrossRef]

	



IEC 60060; High-Voltage Test Techniques—Part 2: Measuring Systems. IEC: Geneva, Switzerland, 2011.

	



Fusiek, G. Improved method of hysteresis compensation for a piezoelectric fiber optic voltage sensor. Opt. Eng. 2007, 46, 034401. [Google Scholar] [CrossRef]

	



Perry, M.; Orr, P.; Niewczas, P.; Johnston, M. Nanoscale resolution interrogation scheme for simultaneous static and dynamic fiber bragg grating strain sensing. J. Light. Technol. 2012, 30, 3252–3258. [Google Scholar] [CrossRef]








[image: Sensors 22 05307 g001 550] 





Figure 1. A medium voltage transducer packaged into an ABS enclosure and potted with a dielectric gel. 
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Figure 2. A diagram of the HV-to-MV voltage divider. 
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Figure 3. Experimental setup for MVT calibration and testing. 
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Figure 4. The MVT module connected to a single phase of a 20 kV three-phase transformer. 
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Figure 5. Instantaneous wavelength and reference voltage of the tested MVT module. 
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Figure 6. MVT hysteresis. There is no hysteresis between the wavelength and the reference voltage (within the experimental error). 
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Figure 7. MVT calibration curve. 
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Figure 8. MVT voltage amplitude errors. 
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Figure 9. MVT phase errors. 
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Figure 10. MVT voltage amplitude errors at nominal voltage and frequencies 48, 49.5, 50.5, 51 Hz. 
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Figure 11. MVT phase errors at nominal voltage and frequencies 48, 49.5, 50.5, 51 Hz. 
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Table 1. Specifications of the MVT module [10,16,18,22,26].






Table 1. Specifications of the MVT module [10,16,18,22,26].





	Property
	Value





	PZT material
	PIC181



	Length (mm)
	20



	Diameter (mm)
	5



	Piezoelectric charge constant d33 (pm/V)
	265



	Resistance R (MΩ)
	200



	Capacitance CMVT (pF)
	10.4



	Series resonant frequency (kHz)
	80



	Full displacement time (µs)
	4.2



	Maximum permissible electric field strength of the material (kV/mm)
	2.5



	Maximum compressive stress (MPa)
	100



	Maximum tensile stress (MPa)
	10



	Nominal (rated) voltage (kV)
	1
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Table 2. Protection class accuracy requirements as per IEC 61869-11 [24].






Table 2. Protection class accuracy requirements as per IEC 61869-11 [24].





	
Accuracy Class

	
Voltage (Ratio) Error εu

	
Phase Error φe




	
±%

	
±Minutes

	
±Centiradians




	
at Voltage (% of Rated)

	
at Voltage (% of Rated)

	
at Voltage (% of Rated)




	
2

	
20

	
80

	
100

	
X 1)

	
2

	
20

	
80

	
100

	
X 1)

	
2

	
20

	
80

	
100

	
X 1)






	
0.1P

	
0.5

	
0.2

	
0.1

	
0.1

	
0.1

	
20

	
10

	
5

	
5

	
5

	
0.6

	
0.3

	
0.15

	
0.15

	
0.15




	
0.2P

	
1

	
0.4

	
0.2

	
0.2

	
0.2

	
40

	
20

	
10

	
10

	
10

	
1.2

	
0.6

	
0.3

	
0.3

	
0.3




	
0.5P

	
2

	
1

	
0.5

	
0.5

	
0.5

	
80

	
40

	
20

	
20

	
20

	
2.4

	
1.2

	
0.6

	
0.6

	
0.6




	
1P

	
4

	
2

	
1

	
1

	
1

	
160

	
80

	
40

	
40

	
40

	
4.8

	
2.4

	
1.2

	
1.2

	
1.2




	
3P

	
6

	
3

	
3

	
3

	
3

	
240

	
120

	
120

	
120

	
120

	
7

	
3.5

	
3.5

	
3.5

	
3.5




	
6P

	
12

	
6

	
6

	
6

	
6

	
480

	
240

	
240

	
240

	
240

	
14

	
7

	
7

	
7

	
7








1) X is the rated voltage factor multiplied by 100.
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Table 3. Metering class accuracy requirements as per IEC 60044-7 and IEC 61869-11 [18,23,24].






Table 3. Metering class accuracy requirements as per IEC 60044-7 and IEC 61869-11 [18,23,24].





	
Accuracy Class

	
Percentage Voltage

(Ratio) Error

±εu

%

	
Phase Error

±φe




	
Minutes

	
Centiradians






	
0.1

	
0.1

	
5

	
0.15




	
0.2

	
0.2

	
10

	
0.3




	
0.5

	
0.5

	
20

	
0.6




	
1.0

	
1.0

	
40

	
1.2




	
3.0

	
3.0

	
Not specified
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