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Abstract

:

The high-voltage (HV) assets in the existing power transmission network will experience increased electrical, thermal, environmental and mechanical stresses and, therefore, robust condition monitoring is critical for power system reliability planning. Fibre Bragg grating (FBG) sensors offer a promising technology in HV applications due to their immunity to electromagnetic interference and multiplexing capability. This paper reviews the current technology readiness levels of FBG sensors for condition monitoring of transformers, transmission lines, towers, overhead insulators and power cables, with the aim of stimulating further development and deployment of fibre-based HV asset management systems. Currently, there are several reported cases of FBG sensors used for condition monitoring of HV assets in the field, proving their feasibility for long-term use in the power grid. The review shows that FBG technology is versatile and can facilitate multi-parameter measurements, which will standardise the demodulation equipment and reduce challenges with integrating different sensing technologies.
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1. Introduction


The power transmission network is one of the most critical aspects in modern society, and the health of its infrastructure is of significant importance as industries continue to transition to a more electric future. As a result, the high-voltage (HV) assets in the existing network will experience increased electrical, thermal, environmental and mechanical stresses. For example, electrification of transport, heating and other sources increase the peak demand and load profiles of the network. In addition, assets are subject to more voltage distortions due to harmonics and transients from increased use of nonlinear loads, e.g., LEDs, inverter controllers, electric vehicle chargers and the interconnection of renewable generation and HVDC links. These increases and fluctuations in voltage amplitude even by a small percentage have a significant impact on life reduction, or residual life extent, according to the inverse power law [1]. These factors coupled with climate change—which has the effect of higher demand for cooling and heating [2], as well as extreme ambient temperature, wind speed, rainfall, icing and lightning activity—add further electrical, thermal and mechanical stresses to the HV assets on the grid.



Without immediate attention, these assets face increased risk of potential failure, leading to local and wider electrical system reliability and resilience issues and subsequently economic losses due to unplanned downtime and infrastructure repairs. Thus, novel techniques of online condition monitoring continue to be of interest in power system stability and reliability planning. Fibre optic sensors offer promising technologies for online condition monitoring of high-voltage systems due to their immunity to electromagnetic interference (EMI), among other advantages, and within the past 20 years, several techniques using fibre optics have been developed and applied in power grids.



1.1. Fibre Optic Sensors


Fibre optic sensors may be defined as a means through which a measurand interacts with light guided in an optical fibre (an intrinsic sensor) or guided to and returned from an external medium (an extrinsic sensor) by an optical fibre to produce a corresponding optical signal [3]. Due to this interaction, changes in the measurand (perturbation of the system) produce resultant changes in specific properties of the optical signal. Figure 1 shows the typical block diagram of a fibre sensing system. In intrinsic sensors, the optical fibre is the transducer and directly modulates properties of light in response to the perturbation, whereas in extrinsic sensors an external medium is used for modulation [4]. Properties of the optical signal that can be modulated include amplitude, wavelength/colour, delay/phase and polarisation.



Since first patented in 1967, several technologies and applications of fibre optic sensors have been developed [5]. However, most of the advancements on fibre optics were focused on telecommunication and the sensors market was dominated by electronic sensors [3,6]. Recent developments in the last 20 years show that fibre optic sensors have significant potential in all industries, including the power industry. Some of its key features include [3,4,5,6,7]:




	
Physically small and light in weight;



	
Long lifetime;



	
General robustness;



	
Low attenuation;



	
Distributed or multiplexed measurements;



	
Electromagnetically passive and thus useful high-voltage systems.









1.2. Fibre Optic Sensor Technologies


1.2.1. Interferometric Sensors


Interferometric fibre optic sensors include a light splitter which splits the light into two arms: one isolated from the perturbation (reference arm) and one subjected to the perturbation (sensing arm). The light in the sensing arm experiences a change in delay and hence phase, relative to the reference arm as a result of the perturbation [6]. Interferometric sensors offer high sensitivity and correlating the phase change to the perturbation is relatively straightforward. Careful fabrication is required, however, to ensure the sensing arm is effectively biased [5].




1.2.2. Distributed Sensors


Distributed fibre optic sensors are based on detecting the back-scattering of light, typically using Raman or Brillouin principles [8]. In Raman scattering, the frequency of back-scattered light is shifted, and the intensity is temperature dependent. In Brillouin scattering, the frequency is also shifted but the magnitude of the shift is dependent on the temperature and strain of the fibre [9]. Measurements at several positions along the fibre are conducted by calculating the time between emitted light pulses and the back-scattered pulses, thus allowing distributed sensing. Distributed sensors offer high spatial resolution but have the drawback of long acquisition times [10].




1.2.3. Spectroscopy Sensors


Spectroscopy sensors are typically used for chemical sensing applications and use the medium under test as the transducer. Either broadband or narrow band light is emitted into the liquid or gas being tested and the absorption response can be used to determine the chemical composition of the medium [3]. These sensors have the benefit of simple optical source and collection geometries and can work as part of a point sensor network, but are limited to chemical sensing applications [5].




1.2.4. Fibre Bragg Grating (FBG) Sensors


FBG sensors consist of a single mode fibre with periodic changes in the refractive index of the core, termed ‘gratings’. The structure of the FBG sensor is shown in Figure 2. A sequence of adjacent equidistant gratings forms the sensing section of the fibre and is called a FBG sensing head. Due to the alternating layers of refractive indices in the core, light of a specific wavelength is reflected, which can be detected by an interrogator. The wavelength of the reflected light is modulated by temperature and strain of the fibre gratings, enabling direct measurement of these parameters. However, indirect sensing of other variables can be conducted by pairing with materials that function as strain transducers. Since the measurand data are encoded in the wavelength, FBG sensors are not affected by attenuation or power loss. They can also include an array of gratings on one fibre, allowing multi-point measurements.



Due to their multiplexing capability and range of sensing, FBG sensors have become an emerging technology for use in high-voltage applications. This paper will specifically review the advancements of FBG sensors for condition monitoring power transformers, transmission lines, overhead insulators, transmission towers and power cables. The aim of this work is to stimulate further development and deployment of FBG sensors in HV applications, as it will likely form part of the future grid asset management systems.






2. Overview of FBG Sensor Technology


The feature of multiplexing was made possible due to in-fibre gratings, which was first discovered by Hill in 1978 [11] by exposing the core of fibre to intense oppositely propagating argon laser beams. The result was periodic changes in the refractive index of the core, termed ‘gratings’. In 1989, Meltz [12] introduced a controllable method of fibre grating fabrication by exposing and illuminating the core from the side of the fibre with coherent UV radiation. This breakthrough spurred the research and commercialisation of FBG sensors [13].



2.1. FBG Principle of Operation


When a fibre containing a FBG head is illuminated with broadband light, a particular wavelength is reflected, as illustrated in Figure 3. The wavelength of the reflected light is known as the Bragg wavelength and is as given by [14]:


   λ B  = 2 Λ n  



(1)




where   λ B   is the Bragg wavelength,  Λ  is the grating period and n is the effective refractive index of the core.



The principle by which FBG sensors are used is based on detecting the shift in the wavelength of the reflected light and, therefore, its configuration only requires one end of the fibre to be connected to the interrogation setup [6]. The shift in the Bragg gratings wavelength occurs due to a change in the grating period or the effective refractive index and is dependent on the temperature and strain. When the fibre is stretched or compressed, the grating period is changed, resulting in a change in the Bragg wavelength, allowing the magnitude of strain to be computed. Temperature impacts the Bragg wavelength due to variation of the silica refraction index induced by the thermo-optic effect as well as the thermal expansion which alters the period of the microstructure [14]. Therefore, it can inherently act as a strain and/or temperature sensor, and packaged temperature and strain FBG sensors are readily available in the sensors market.



The Bragg wavelength shift due to applied strain (  Δ ϵ  ) and temperature changes ( Δ T) is given by [14]:


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



(2)







The FBG sensitivity factors are design dependent and can vary with packaging and bonding methodologies [16]. For temperature and strain measurements in HV applications, specific packaging designs have been proposed, which are discussed in this paper. Measurement of other parameters requires specific materials to be incorporated which produce a strain effect that the FBG sensor can detect. Examples of designs to achieve sensing of various parameters in HV assets, including acoustic pressure, dissolved hydrogen and moisture are presented in the following sections.




2.2. FBG Multiplexing


One of the additional advantages of this FBG technology is its intrinsic multiplexing capability. Multiple gratings (each with a specific Bragg wavelength) can be coded on a single optical fibre and detected using single optical source. This structure is known as a FBG array sensor and is an attractive option for multi-point sensing [17,18]. In the sensor array, each FBG reflects a specific light spectrum matching its designed Bragg wavelength.




2.3. FBG Interrogation Techniques


There are several techniques for interrogating FBG sensors to determining the Bragg wavelength, such as the interferometric detection and the scanning Fabry Perot filter methods. In the interferometric method [19], the reflected light is passed to an unbalanced interferometer which has a transfer function dependent on the wavelength. This method can sample at high frequencies, but the range of Bragg wavelength shifts that can be detected is limited. The scanning Fabry Perot filter method can be used for FBG sensors that have Bragg wavelength shifts across the full spectrum [20]. Interrogators based on this technique [21] couple the FBG reflected light to a narrow band scanning filter. Since the filter sweeps over the expected wavelength range, at one point light will pass through and be detected at the output of the filter, which can be used to determine the Bragg condition.



To date, the principles surrounding FBG technology and its operation have been widely published in research journals. Thus, the remaining sections of this paper will focus on the application of FBG sensors in HV assets.





3. FBG Sensors for Condition Monitoring of Transformers


Power transformers are critical assets in power generation plants and transmission systems and, therefore, outages can incur high repair costs [22]. Transformer monitoring can aid in predicting major failures and allow repairs to be conducted at a reduced cost during a planned outage [23]. Monitoring is performed through an effective maintenance strategy which can include routine testing of the windings, insulation and oil composition, all of which are established in various standards [24,25]. These tests are critical during the transformer service life as various electrical and thermal stresses can result in degradation to the components of the transformer. For example, the insulating oil experiences ageing due to faults such as partial discharges and/or thermal faults [25]. Severe short circuit or lightning produces high radial and axial forces which can cause winding deformations [26]. Online monitoring technology has the advantages of reducing the interval between tests to nearly zero and allowing detection of changes shortly after the occurrence [27]. As a result, several parameters such as temperature, partial discharge, dissolved gas and winding deformation have been proposed for online monitoring using FBG technology.



3.1. Temperature


Hotspots and overheating in power transformers can lead to cracking of the windings and insulation ageing, reducing the service life [28]. Internal temperature monitoring can assist with failure prediction and thus power system reliability planning. Since the FBG sensor can directly measure temperature at multiple points, it is a viable option for use in transformer condition monitoring.



In [29], fibre consisting of 20 FBGs were taped to the outside of a 100 kVA transformer tank and loaded in a lab environment. The temperature measurements from the FBG matched with thermal camera imaging. This installation can be conducted quickly but does not provide an indication of the winding and insulation temperatures and is only suitable for dry type transformers, as shown in [30] where 10 FBG sensors were adhered to a 3 MVA mold transformer in the Korea grid. For oil immersed equipment, FBG sensors will have to be installed inside the transformer housing in the factory before being placed in service. To secure the fibre for these applications, insulating paper or protective packaging, as shown in Figure 4, is required. In [10], 12 protected FBG sensors were installed in a 20 MVA, 345/20 kV transformer at the lower and high-voltage bars and windings. Overloading tests were conducted in the laboratory to prove the viability of continuous hotspot monitoring using the FBG sensors.



To concentrate measurements on the coil, 24 sensor heads in fibre coated with high temperature polyimide and protected with insulating paper were installed on the outside of the windings during the manufacture of a 10 kV transformer [32]. Factory tests showed that the temperature rise measured from the FBG sensor was 83.7k vs. 48.9k measured from a probe at the top oil. Thus, measurement at just the top oil is not sufficient for thermal monitoring and ageing analysis. FBG sensors were also installed on the windings of a 5 kV [33] and 35 kV transformer [34]. The authors of [35] achieved fully online temperature monitoring by installing 3 arrays (11 gratings each) on the top of the 3 windings and various locations in the tank for oil measurement in a 110 kV transformer in Zhejiang Province, China. The authors of [31] also tested FBG temperature monitoring on a 110 kV transformer, but attached the sensors to both the core and windings. The authors of [36] aimed to increase the spatial distribution of the measurement for enhanced hotspot location and thermal ageing estimation. The actual winding temperature was recorded by using used slotted copper wire. The set-up consisted of 14 optical fibres and a total of 218 FBG sensors in the low-voltage (LV) and high-voltage (HV) coils, strips, iron core and top oil of a 35 kV/4000 kVA transformer. In order to obtain measurements closer to the iron core, [37] developed a spring-shaped carbon fibre clamp to fit around the core. When the transformer was subjected to nonlinear loads, the temperature recorded from the FBG sensor was within 1   ∘   when compared to readings from pyrometer (obtained directly on the core as the housing was removed for testing).



The existing research and development showed that during manufacture, FBG sensors can be embedded to enable online monitoring when placed in service. However, the warranty period of transformers usually lasts 30–35 years [38] and, therefore, the roll-out of this technology through overhaul will be a slow process. Alternatively, existing equipment can be retrofitted as performed in [39] during the factory repair period. During the repair, 14 sensors were installed in the windings, core, top oil level, bus bars of a 110 kV transformer and placed back in service. Results for 10 months were collected and used to estimate the thermal life loss.



Temperature monitoring using FBG sensor technology all reported high accuracy through the laboratory and field studies, proving that it is a viable option. An alternative fibre-based technology is distributed temperature sensors (DTS), which were also proposed in [40,41]. DTS offer higher spatial resolution tha FBG sensors, which are limited by measurements at fixed points. However, DTS have longer acquisition times and higher costs [10]. Among these two competing technologies, FBG sensors offer certain advantages and are useful for online monitoring depending on the application.




3.2. Partial Discharge


Partial discharge (PD) occurs in transformers due to defects in the insulation, and if not detected early, can lead to failure of the asset [42]. It refers to a localised electrical discharge which partially bridges the insulation between conductors [43]. Energy from the PD heats and evaporates some of the adjacent material creating high-frequency acoustic emissions up to several MHz [44] and, therefore, acoustic emission (AE) detection methods have been used for PD monitoring.



FBG sensors are sensitive to strain and can produce Bragg wavelength shifts due the mechanical pressures form the acoustic emissions. Due to their robustness and electromagnetic immunity, FBG sensors can be installed inside transformer tanks, improving the AE detection sensitivity versus other methods, and leading to earlier fault warnings [45]. The authors of [46] mounted a FBG sensor under pre-stress on a slotted acrylic sheet, so that it could be more sensitive to the acoustic waves. PD tests using a needle-plane electrode arrangement in an oil tank showed that the shift in peak Bragg wavelength was highly correlated (correlation coefficient of 0.85) with the PD amplitude measured using coupling capacitors.



3.2.1. Tunable Laser-Based Interrogation for Improved Sensitivity


A challenge associated with using FBG sensors for measuring AE signals is the sensitivity of wavelength shifts at low PD amplitudes. Hence, the tunable laser-based interrogation developed in [47] is used for PD detection in favour of wavelength-based interrogation. In this method, a narrow-band laser source tuned at the mid-reflection wavelength of the FBG is illuminated in the fibre and the reflected light is measured by a photodiode, shown in Figure 5. Thus, shifts in the reflected spectrum are converted to a changing voltage signal which can be measured and analysed.



The authors of [48] energised a defect in an oil tank which produced a PD of 320–460 pC and compared the response of four FBG sensors placed inside the tank to a PZT acoustics sensor on the wall of the tank. The FBG detection method yielded higher sensitivity over a PZT-based acoustic transducer by 4.84 dB. The FBG sensor also has higher bandwidth response than the PZT transducer, as investigated in [49] using an acoustic actuator ranging from 20 to 500 kHz.




3.2.2. Phase-Shifted FBG Sensors for Improved Sensitivity


To further increase sensitivity, the authors of [48] repeated the experiments using phase-shifted FBG (PS-FBG) sensors. The  π  phase-shifted FBG has two peaks in the reflected spectrum and a narrow transmission window. This increases the slope of the linear region in the reflected spectrum, resulting in larger photo-intensity changes for the same shift in wavelength as compared to traditional FBG sensor, as shown in Figure 6. Simulations of reflected spectra showed that the introduction of a phase shift in a 1550 nm 10 nm length grating reduces the line width by approximately 16 times [50]. In PD tests, the PS-FBG sensor has a higher sensitivity of 17.5 times than PZT transducer, thus outperforming the traditional FBG sensor [45].




3.2.3. Acoustic Amplifiers for Improved Sensitivity


Passive acoustic amplifiers are also used to increase the sensitivity of FBG sensors to PD activity. In [51,52,53], a mandrel was used since it covers a broad frequency bandwidth, required for PD detection. In such an arrangement, the FBG sensor was attached to the outer wall of the mandrel to detect strains that the mandrel transfers to the fibre when an acoustic pressure wave strikes the cylinder. Elastic diaphragms were also proposed [54,55] since they vibrate with the acoustic signals, generating an amplified strain that the FBG head can measure. However, the sensitivity of this type of packaging is omnidirectional. In tests where the relative direction of the AE source was rotated, the response of the mandrel packaged sensor varied by less than 3% but the diaphragm-based sensor reduced by 80% when the AE source was normal to the diaphragm.




3.2.4. PD Location Detection


Since the FBG-based PD sensors relies on the acoustic emissions, the PD source location can be determined using the arrival times of the signals and the speed of sound in the medium, typically transformer oil [56]. This triangulation method described in IEEE standard C57.127 [57] was investigated in simulations [58,59] and tests [60,61], but was based on sensors mounted outside the tank. This is ineffective for real conditions due to blockage from the windings and the variation in sound velocities across different media (oil, steel walls) [57]. The FBG sensors can be installed inside the tank and hence mitigate these issues [62]. The authors of [63] mounted three FBG sensors in a 350 mm × 400 mm × 400 mm oil tank containing a metallic particle energized with a high-voltage test transformer. At 17 kV, a partial discharge of 600–700 pC occurred which was located within 25 mm using the arrival times at each FBG sensor. Signal processing techniques such as the Hilbert transform, discrete wavelength transform and cross recurrence plot analysis were applied in [64,65] to increase the SNR of the FBG responses and improve location estimation.




3.2.5. PD Classification


In addition to amplitude measurement and location detection, PD classification was performed using FBG sensors. The authors of [66] generated (1) corona, (2) surface and (3) particle movement discharges in various oils using (1) a needle-plane, (2) a pressboard sandwiched between an IEC-B electrode and ground plane and (3) sphere and particle electrodes, respectively. Ternary plots of the filtered acoustic emissions showed that the three types of discharges formed separate clusters suggesting possibilities of classification, regardless of oil type.




3.2.6. Outlook on PD Measurement using FBG Sensors


PD detection using FBG sensors are of high interest among research institutes, but current work is still limited to simulated discharges in test cells. Other fibre optic-based technologies for PD detection such as interferometric [67,68] and distributed sensors [69] have been proposed but are also in the preliminary stages. There currently exists a research gap between research facilities and field deployment of fibre optic-based PD measurements in transformers.





3.3. Oil Assessment


Overheating and internal faults accelerate the decomposition of transformer insulating oil and oil impregnated cellulose, leading to a loss of insulating properties and eventual failure [70]. This decomposition produces gaseous by-products including hydrogen (H2), methane (CH4), acetylene (C2H2), ethylene (C2H4), ethane (C2H6), carbon monoxide (CO) and carbon dioxide (CO2), which are monitored using dissolved gas analysis (DGA) [25]. Conventional DGA is conducted offline by lab testing samples of the transformer oil. Fibre optic sensors have the potential to perform online oil analysis since they can be installed inside the tank to record data throughout the transformer’s service life.



3.3.1. Hydrogen


Hydrogen is the principal gas produced during partial discharges and levels of >100 ppm should prompt additional investigation [25]. In several studies, FBG-based hydrogen sensors have been developed and tested with mineral oil. The typical structure of these sensors (Figure 7) involves a palladium (Pd) coating which has the ability to absorb hydrogen and expand, stretching the gratings, producing a Bragg wavelength shift [71]. The authors of [72] tested a FBG sensor glued to 100  μ m Pd foil in a chamber of mineral oil with varying amounts of hydrogen gas dissolved. The sensitivities in wavelength shift (pm) per hydrogen concentration (ppm) were 0.33 pm/ppm at 500 ppm and 0.18 pm/ppm at 2000 ppm, with a response time of 46 h. The authors proposed that slow response time is not detrimental to the application in a transformer, as gas generation rates are low and current sampling intervals are annually.



The sensor can be improved by first coating with polyimide (PI) and/or titanium (Ti) to use as adhesion layers to prevent the Pd from peeling off. The intermediate adhesion layer increases the robustness of the sensor but does not affect the sensitivity of the sensor, as tested in [73]. The authors of [74] coated a bare fibre with PI and then used magnetron sputtering to deposit uniform layers of Ti and Pd on the fibre. H2 concentrations ranging from 0 to 900 ppm in transformer oil were created by inserting a PD defect in a tank of transformer oil. A linear relationship between the Bragg wavelength shift (pm) and H2 concentration with a slope of 0.057 pm/ppm was observed.



As the H2 absorbed increases, the Pd structure changes from  α  phase to  β  phase and becomes susceptible to fractures [71]. Alloys were proposed as alternatives to provide higher structural stability. Tests were performed with pure Pd and Pd/Ag alloy sputtered on a FBG sensor [75]. Linear responses were also obtained with sensitivities of 0.044 pm/ppm and 0.055 pm/ppm for the pure Pd and alloyed Pd, respectively. Further advancement in the sensitivity of magnetron sputtered sensors was achieved by using side polished (SP-FBG), D-shaped fibres with the Pd coating only on the flat side of the fibre. The response of FBG and SP-FBG hydrogen sensors tested in [76,77] for concentrations of 0–700 ppm were 0.042 and 0.477 pm/ppm (>11 times sensitivity), since the curvature deformation caused by Pd on one side created a greater strain effect than axial expansion. The response time was 4 h, which was quicker than the 100  μ m foil used in [72].



The authors of [78] examined the reliability of the magnetron sputtered Pd/Ag alloy sensor by conducting 50 absorption and desorption cycles, with concentrations up to 2000 ppm. At the end of the experiment, the alloy film was still bonded but the adhesion weakened due to repeated expansions and contractions, leading to an 8% decrease in sensitivity. The sensor used did not include any PI or Ti adhesion layers and, therefore, more studies are required with different sensor designs. However, the initial reliability work along with the sensitivities for a wide range of hydrogen concentrations suggest that FBG sensors can be used in long-term online oil monitoring.




3.3.2. Moisture


Moisture is another key parameter for transformer monitoring as it affects the insulating properties of the oil [79]. In addition, when the cellulose paper absorbs moisture, its degradation and ageing rate increases [80]. Polyimide reacts with water and expands, similar to palladium film with hydrogen and, therefore, PI coated FBG sensors can be used for moisture detection. In [81], a PI coated FBG sensor was placed in a litre of dried mineral oil while demineralised water was pipetted and stirred in. The Bragg wavelength shift was linearly related to the water activity calculated using a moisture probe. The study was extended [82,83] by installing an array with PI-coated FBG sensors in 5 kVA transformers with mineral oil and FR3 oil. When subjected to 24 h cyclic loading, the water activity varied (due to cyclic absorption of moisture by the cellulose) which was detected by both the FBG array and a moisture probe. The authors of [84] exposed transformer oils to saturated humid air and obtained perfect correlation between wavelength shifts and water content for the ranges tested: 50–300 ppm in mineral oil and 5–30 ppm in ester oil. The high accuracy demonstrated in these studies suggests that PI-coated FBG sensors have the potential for development of online moisture monitoring in transformers.




3.3.3. General Ageing


The effective refractive index of fibre is a result of the core and the surrounding medium. Tests show that aged mineral transformer oil has a higher refractive index [85] and, therefore, this can be detected using fibre optic sensors. The authors of [86] obtained five field samples of differing oil quality for testing. Immersing the FBG head in the oil samples yielded different shifts in the Bragg wavelength. The study only contained preliminary results and, therefore, further tests are required to match the actual oil quality to the FBG measurements, to monitor overall ageing.




3.3.4. Outlook on Oil Assessment Using FBG Sensors


The existing research shows that FBG sensors can assist in DGA but is currently limited to water vapour and hydrogen. Other fibre optic technologies such as spectroscopy and luminescence reflection have been studied for oil ageing [87] and dissolved gas monitoring of acetylene [88] and methane [89], which are other key gases produced during internal transformer defects. More research and development is required to achieve full online DGA in transformers using FBG sensors.





3.4. Winding Deformation


Statistics show that over 20% of transformer failures are due to mechanical (bending, breaking, displacement, loosening) issues [90]. Lightning and short-circuits generate a large current and are likely causes since they lead to mechanical deformations in the windings [91].



The authors of [92] glued a FBG sensor transverse to the core laminations of a 3 kVA transformer to monitor these mechanical defects. Nonlinear loads applied to the transformer caused harmonic distortions and increased mechanical vibration of the windings which were detected by the FBG sensor. This lab-scaled study suggests that winding monitoring is possible, but the direct installation of fibre is not robust for long-term installations. The authors of [93] packaged three FBG sensors in polyether ether ketone (PEEK) and installed them on the upper-middle and lower part of a winding in a transformer. PEEK was used since it is rigid and has a low expansion coefficient. A Bragg wavelength shift of 0.133 pm/kPa was observed when the windings were subjected to strains from a pressure testing machine. Other sensor designs using FBG packaged in the transformerboard [94] and attached to the cantilever [95] were proposed but not yet tested.



The use of FBG sensors for structural monitoring of windings has potential but the research is still underdeveloped. In addition, other fibre optic technologies can work for this application such as distributed strain sensors using Brillouin scattering which have been proposed and lab tested using a power transformer [96,97].





4. FBG Sensors for Condition Monitoring of Transmission Line Conductors


Transmission line conductors on the HV network are mounted on towers with large spans and, therefore, are subjected to increasing ambient temperatures, wind and icing due to climate change effects along with the higher ampacities from growing energy demand. All of these factors can affect the reliable operation of transmission line infrastructure. For example, the fluctuations in the heat from power transfer or environmental conditions causes the conductor sag to vary which can limit the conductor clearances or ampacity [98]. Extreme icing on overhead transmission lines can lead to flash over, and mechanical impacts such as conductor breakage and tower collapse [99]. High wind speeds produce vibrations on the conductor which can create wear on the strands or tower fittings. Corrosion due to humidity and chemical pollutants is another phenomenon which impacts the reliability of overhead conductors [100]. Thus, multi-parameter condition monitoring of overhead transmission lines will be critical in future power grids. The roll-out of optical ground wire (OPGW) and the optical phase conductor (OPPC) represents a catalyst for integrating fibre-based sensors, especially in remote locations. Currently, several research tests and pilot projects have been conducted to monitor key conductor parameters such as temperature, sag, icing and vibrations using FBG sensors. Distributed sensing using Raman and/or Brillouin principles have also been tested for monitoring temperature and strain on transmission lines. This technology allows high spatial resolution and thus, measurements can be conducted along an entire line. However, FBG sensors have features such as faster acquisition times [10] and a wider range of measurement parameters, which may be more advantageous in certain overhead line applications.



4.1. Temperature


The FBG sensor response to temperature is established and, therefore, prototypes for use in transmission lines have been developed.



The authors of [101] built a temperature sensor by packaging a FBG sensor in two steel shells to protect from stress. The sensor was installed on an overhead line at the #44 tower of the 110 kV Zhengzou transmission line, China. A similar design instead with a 2 mm diameter copper tube was installed on a line inside the campus of the Universidad Nacional de Colombia with the aim of achieving a dynamic line rating [102]. These sensors were attached on the overhead conductor for heat transfer. Alternatively, an egg-shaped aluminium housing split in two halves that can be opened and clamped over the conductor was proposed in [103]. The housing included aluminium probes through which FBG sensors were inserted and secured with epoxy. After calibration, the sensor was installed on a 400 kV line in Subhasgram, Kolkata, shown in Figure 8.



Distributed temperature sensing of phase conductors using Raman and Brillouin scattering has also been proposed [104,105] using the fibre in OPGW/OPPCs which has the advantage of measuring temperature along an entire line. However, wide-scale deployment will be slow as grids are still transitioning from conventional conductors to OPPCs. The FBG temperature sensors are clamped on to existing transmission lines and can be deployed more quickly.




4.2. Sag


Sag can be calculated by applying the tension in the middle of the span to the catenary equation. Tension can be directly measured using a FBG strain sensor clamped directly onto the transmission line. As the conductor sags, the clamps move further apart, applying a strain to the gratings. FEA modelling of a clamping mechanism was conducted to ensure that the design transferred the strain to the FBG sensors [106]. Simpler versions of the clamps were lab tested [107] and installed on a 110 kV line [108], shown in Figure 9.




4.3. Icing


The concept of using FBG sensors for ice monitoring was presented [109] in 1997 by attaching a strain beam with fibre bonded between the overhead conductor and insulator to determine additional tension on the lines due to the icing. Designs have improved since and avoid the transmission line by connecting the tension sensor between the tower cross arm and low voltage side of the insulator (Figure 10). Tests were carried out to validate the linearity of the FBG sensor response by applying a tensile load across the connecting points of the strain beam [110]. In this design, a separate temperature compensation FBG was required to detect only the strain. A similar FBG tension sensor was attached to an insulator, lab tested in an ice chamber and then installed on an 800 kV HVDC line Yun Guang in [105]. Weights were hung from the transmission lines to simulate the load of icicles. The Bragg wavelength increased with the weight but also with environmental temperature. A separate Brillouin optical scheme was carried out in the OPGW for temperature compensation. However, the conductor has a higher temperature than the ground wire and, therefore, this scheme should be used for OPPCs.



These strain beams are influenced by both axial and eccentric load. The authors of [111,112] proposed an I beam structure instead of a column-type beam since it has a higher accuracy under eccentric axial load. The I beam was made using an elastic element and included diagonal grooves in either end for fitting the FBG heads. Through FEA modelling, the design was built so that with applied load, one end is compressed and another one is stretched, allowing compensation of temperature. Loading using weights in an outdoor environment and in an icing chamber were conducted to ensure reliability of the sensor in all conditions. The structure was further modified [113] to include a cantilever to allow tilt measurements. This prototype was tested under various mechanical loads in the lab and a 250 h outdoor experiment which included a snowstorm, proving the robustness of the design. A combined strain and tilt sensor assembly, using the cantilever design, was installed on the #44 tower of the 110 kV Zhengzou line, China [114], to accompany the temperature sensor discussed in [101]. The authors of [115] used a standard FBG strain sensor on a tower with a 1 m length OPGW attached as a sample line for testing. The results showed that the wind affected the response and subsequently a correction factor for effective gravity acceleration and moving average filter were added to the measurements to improve accuracy.
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Figure 10. Schematic of transmission line monitoring with FBG tension sensor [116]. 
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Similar to distributed temperature sensing, Brillouin scattering can be used to measure strain on the line due to icicle loads. However, this technology is limited to the availability of the OPPC infrastructure. The FBG tension sensor has the advantage of measuring other parameters including mechanical vibrations, as discussed in the following sections.




4.4. Mechanical Vibrations


In addition to static mechanical loads (e.g., icing), transmission lines are affected by dynamic strains which include aeolian vibrations and galloping.



4.4.1. Aeolian Vibrations


Aeolian Vibrations, caused by low to moderate winds, are vertical oscillations with amplitudes small in comparison to the line diameter. The effects are long-term wear to the suspension clamps and broken conductor strands [117,118]. To measure aeolian vibrations, two FBG sensors were bonded directly onto a 60 kV transmission line in Trondheim, Norway [117]. Vibrations from 0.065 Hz to 12 Hz occurred on the transmission line with amplitudes varying according to the wind speeds. This case study conducted in 2000, proved that FBG sensors can be used for dynamic mechanical loading of transmission conductors, but more robust sensor packaging would be required. The authors of [119] designed a cantilever beam structure that clamps over the conductor. Through FEA simulations, the optimal placement of the FBG sensor to transfer strain was determined. This sensor was built and withstood tests [118] on a 10 m sample conductor attached to a vibration test bench, validating its use for online aeolian vibration monitoring.




4.4.2. Galloping


Galloping is a low frequency, high amplitude vibration caused by medium to strong winds. It can lead to loosening of cross arm bolts, damaged insulator strings and flash over as phases can breach clearances [120]. The authors of [121] clamped a standard FBG strain sensor to a 70 m sample conductor attached to a galloping tester located in the State Grid Key Laboratory of Power Overhead Transmission Line Galloping (Zhengzhou, China). Since the frequency of oscillations is low, static FBG load sensors can be used for such measurements, standardising installations and reducing the fibre/packaging required for multi-parameter monitoring of transmission lines. The tension sensor presented in [111,112] for icing measurement was tested for monitoring of galloping [116] by applying dynamic loads of 0.2 Hz to 3 Hz, using the force amplitudes from 2 kN to 10 kN. It exhibited stable response over the frequency range. The FBG sensor also yielded high accuracy when connected to the galloping line tester. These sensors, however, measure the magnitude of the dynamic strain but do not distinguish galloping in the horizontal and vertical directions. As a result, [122] placed three FBG sensors, spaced 120   ∘   apart in a ball eye fitting, in order to decouple the tension into both horizontal and vertical components. The design was field tested on a transmission line in Henan, China, and the accuracy was validated using a video monitoring system set up at the same tower.





4.5. Fault Detection for Power System Protection


In addition to the physical monitoring of conductors, FBG-based sensors have been proposed for building current sensors to be used in fault detection. Opto-magnetic current sensors were developed in [123] by attaching fibre gratings to magnetostrictive materials such as Terfenol-D, which produces a strain due to the AC magnetic field around the current flowing in a conductor. Simulations on radial and network power systems with opto-magnetic current sensors placed 3 cm away from each phase conductor showed that fault currents can be detected and used for relay operation [124]. An alternative FBG-based current measurement device was built using a piezoelectric stack connected to a Rogowski coil [125]. The output voltage of the coil will cause a strain deformation in the stack due to the inverse piezoelectric effect, which the FBG sensor can detect. The sensor was integrated with protection relays in [126]. These FBG-based current sensors offer fast response to transients and easy installations due to their small sizes and, therefore, are a promising alternative to traditional current transformers. Optical current transformers without Bragg gratings also exist since first proposed for HV transmission lines in the 1960s [127]. These current sensors were based on the Faraday effect and the various interrogation techniques to measure the Faraday rotation are presented in [128]. However, the FBG-based sensor has the advantage of interfacing with a standard interrogator that monitors the fault current along with the physical parameters [126] discussed on the previous sections.





5. FBG Sensors for Condition Monitoring of Composite Insulators


Overhead insulators are key components in transmission line infrastructure as they support the conductors and also provide insulation between the high voltage phase and the grounded tower cross arms. Porcelain, glass and composite insulators are mainly used in transmission lines, with the latter having advantages of lighter and smaller structures, and higher hydrophobicities [129]. While composite insulators should be designed to withstand pollution and icing [130], in extreme conditions these climate impacts can cause tracking and puncturing of the insulation surface [131]. Conducive bird droppings and biological contamination, such as algae, can also affect the insulator performance and lead to flash over [131]. These assets are also prone to mechanical defects such as cracking of the core rod due to mechanical load and chemical erosion [132]. Some of the existing live line inspection techniques include visual inspections, IR thermography, acoustic emission and electric field measurement [133], and the pros and cons of each method were reviewed by a CIGRE working group in [134]. Due to the construction of the composite insulators, research showed the possibility of embedding fibre optic cables within the housing. This encouraged work into monitoring of key parameters of the insulator using FBG sensors to aid in condition monitoring and diagnostics.



5.1. Structural Faults


Failure mode analysis of composite insulators shows that decay-like and brittle fractures are common defects which occur under environmental and mechanical stresses [135]. FBG sensors can directly measure strain and tests prove that structural monitoring of insulator core rods can be achieved. The authors of [136,137] bonded FBG heads to the surface of core rod subjected to pulling forces, ranging 0–50 kN, which created linear changes in Bragg wavelength. For a more robust design, the fibre can be embedded in the core rod during manufacturing. The authors of [138] built a core rod with nine FBG heads through the centre and showed the sensors matched the changes in tensile stress. This design was also applied to a 220 kV insulator using three gratings [139,140]. After strain calibration tests in the lab, the insulator was placed in service and successfully detected stresses caused by a strong gale during 7–9 August 2012.



The FBG sensors can also assist with detecting crack initiation and the development of cracks to fractures, as proposed in [141]. A 10 kV composite insulator rod with four fibres, each with five gratings pasted on the surface, was tested under mechanical load until cracks and eventual fractures formed. The Bragg wavelengths either increased or decreased (depending on the relative sensor location) with crack development, and, therefore, can be used for early warning of cracks in the core rod.




5.2. Temperature


Internal defects cause internal discharge and increase the surface current leading to temperature rises [142]. Detecting abnormal heating can therefore assist with failure prediction. Along with mechanical strain, embedded FBG sensors in the core rod can directly monitor temperature. This arrangement has been developed and tested in the lab [143] and in the field on 110 kV [101] and 220 kV insulators [139,140].



Temperature monitoring through embedded FBG sensors can also allow early detection of arcing events. This is critical in polluted environments where insulators are susceptible to the high leakage current and discharge activities over their surfaces [144]. Results from dry band arc studies [145,146,147] on insulators with FBG temperature sensors showed a drop in the temperature of the moist polluted composite insulator due to evaporation, followed by rapid increase in temperature during the arc. The arc discharge can therefore be found earlier by using the time point when the temperature begins to drop sharply.




5.3. Icing


In cold and high humidity environments, insulators can be covered by ice, leading to possible flash overs. The strain created by the weight of ice formation can be measured using the FBG sensors bonded onto the core rod. Ice loading was simulated in [148,149] by hanging weights on the sheds of a composite insulator with three FBG sensor arrays embedded. Figure 11 shows the schematic of the FBG array embedded between the core rod and the housing of the insulator. The wavelength shifts were linearly related to the simulated load, but the coefficient was dependent on the location of the icicle relative to the FBG in the core rod. Additionally, for multiple icicle loads, the wavelength shifts can be either additive or subtractive and thus a location algorithm is required. The research was extended [150,151] to develop the location detection system using 6 fibres each with 13 distributed FBG sensors. Tests in an artificial icing climate chamber prove that the shed number and axial position (within 60 degrees) of the icicles can be determined. This arrangement is costly due to the number of sensors required and further work can be carried out to optimise the design.




5.4. Salt Contamination


Contamination adversely affects the dielectric performance and reliability of HV insulators. In high salt fog conditions, the dielectric strength can be reduced by up to 80% [152]. Online monitoring of salt deposits is another method to improve condition monitoring of insulators. As previously discussed, polyimide-coated FBGs are sensitive to humidity since they absorb water, creating axial expansion of the grating. However, in the presence of salt fog, the salt re-absorbs the water from the PI layers, leading to a reduced wavelength shift of the FBG sensor. Lab tests of a FBG sensor mounted on a ceramic disc in a humidity chamber (95% relative humidity) with repeated salt fog sprays show that the Bragg wavelength is affected by the equivalent salt deposit density [153,154]. The effect of salt deposits is not the same at different humidities and more work is required to determine the response of PI-coated FBG sensors in actual environmental conditions.





6. FBG Sensors for Condition Monitoring of Transmission Towers


The transmission tower represents the support structure for transmission lines and should withstand additional loads such as wind and icing [130]. However, extreme winds and manufacturing defects can lead to structural damage to the tower [155,156]. Thus, condition monitoring of transmission towers is critical as a single failure usually triggers a cascading failure involving a number of adjacent towers along the line, incurring significant costs and outages [157].



Standard packaged FBG strain sensors enable structural monitoring and have been applied to several transmission towers. The installation process first involves FEA simulations of the tower to determine the weak points at which strain monitoring are most critically required. The authors of [158] installed FBG strain sensors on the angle braces of a transmission tower at Mount Jianshan, China. FEA simulations and lab tests were conducted to determine the position of maximum strain transfer from the angle brace to the sensor, prior to welding installation. Live monitoring showed increased strains on the tower due to wind-induced galloping (recorded using a camera). The authors of [159] opted for an ‘L’-shaped clamp installation using anti-loosening bolts. A total of 16 FBG strain sensors were installed on the weak points of a 500 kV transmission line tower in Hubei Province, China. The authors of [160] developed an elastic matrix rated at 360 MPa (higher than the maximum allowable stress of steel used in towers) to transfer strain to the fibre grating. The packaged sensor was installed on the key sections of the #44 tower of a 110 kV transmission line tower, Jibei, China, and sealed with 3 M waterproof cement. High stress recorded by one sensor in August 2015 revealed settlement displacement of one foot by approximately 5 mm, which prompted preventative measures.



Tower vibration can also be used in condition monitoring since changes in the vibration frequency of the tower will indicate mechanical deformation of the structure. The authors of [161] installed a FBG vibration sensor on a 220 kV transmission tower in the south coast of China, which is subject to strong winds and hurricanes every year.



Soil displacement and landslides are also major causes of tower defects in areas with high land movement [162]. FBG-based soil displacement sensors were installed at the #50 tower in Sichuan, China, which is affected by earthquakes [163]. Similar FBG sensors were used at a transmission tower in the Maoxian, Sichuan Province, China, to measure surface and deep soil displacements [164]. The monitoring results indicated a shallow and slowly moving landslide which caused the tower to be deformed, allowing relocation before total collapse.



FBG sensors can also be used for monitoring of critical bolts in the transmission tower. Shear stresses on the bolt and loosening of the nut due to galloping have been proposed and lab tested in [165,166]. These ’smart’ bolts are made by inserting one or multiple FBG sensors in the shank.




7. FBG Sensors for Condition Monitoring of Power Cables


High voltage power cables are used for connections in urban and submarine areas. The cable construction includes a conducting core, polymeric insulation and an outer sheath for mechanical and environmental protection [167]. Similar to overhead infrastructure, power cables will be under the influence of electric, thermal, mechanical and environmental factors which lead to degradation and ageing. Several failure causes exist for power cables and were listed by a CIGRE working group in [168]. Some of these include electrical treeing, overheating, improper handling and installation, fatigue of the outer sheath, moisture and ground chemical contamination. Cables are also vulnerable to external damage from excavation works since they are typically installed underground [169]. When a fault occurs on a power cable, digging to determine the location incurs repair delays. Among available online diagnostics tests of power cables, visual inspection, partial discharge and temperature measurements are the most commonly practiced by utilities [168]. FBG sensors may offer a new technology to conduct these online diagnostics, and thus initial research has been explored in this area.



Packaged FBG temperature sensors were developed in [170,171] for use of monitoring power cables in harsh, moist underground conditions. A metal armoured FBG temperature sensor was developed to resist strains and bites of rodents for application in underground pits. A total of 60 of these metal armoured sensors were installed in four cable pits in the substation in the Yunnan power network, Yanjin, China [172].



The cable joint is the weakest point in the cable and is the location where most failures occur. Therefore, monitoring of potential defects at these locations is critical for asset management [173]. The authors of [174] placed a FBG sensor inside a metal spring hosing and installed it on a cable joint in an underground cable, Korea. Field test results showed that the temperature measurement was proportional to the power through the cable.



Distributed temperature sensing of cables using Raman or Brillouin scattering is more actively researched [175,176] since cables with fibres embedded can be manufactured. However, in existing cable installations, FBG technology can be easier deployed, as shown in Figure 12, by clamping on the cable surface. Protective heat transduction packaging is only required at the sensor head(s) and the rest of the fibre can be sealed using other cheaper means. For newer cable installations that can include embedded fibres, FBG sensing does not offer a more attractive technology to distributed sensing, unless other condition monitoring parameters can be integrated.



Partial discharge monitoring was attempted in [177] using a needle inserted in a 1.5 m XLPE cable to form a spine defect. The voltage of the needle was increased until an obvious FBG response was observed, which occurred at a discharge of 7124 pC. While this shows it is possible to detect PD in cables, the current state of the technology is impractical as it is only sensitive to high levels of discharge and, therefore, cannot provide early warning of defects. The authors of [178] investigated whether PD can lead to detectable temperature changes in the cable, allowing indirect PD measurement. A cable joint with a knife scratch defect was placed in a constant temperature chamber and results showed a temperature variation of 0.2   ∘   caused by a partial discharge of 300 pC. However, this temperature difference is low and difficult to distinguish when placed in actual operating conditions.




8. Conclusions


FBG sensors are a promising technology for condition monitoring of HV assets. Various key parameters in transformers, transmission lines, overhead insulators, transmission towers and power cables have been researched, and in certain cases, deployed in HV equipment. Other fibre-based technologies, such as distributed sensing for temperature and strain of overhead lines and spectroscopy for transformer oil analysis, have also been tested. However, these competing technologies are not as versatile as FBG sensors. Thus, FBG sensors can enable multi-parameter condition monitoring of assets.



This unique ability has attracted attention in field applications such as the #44 tower of the 110 kV line in Zhengzou, China, where several FBG sensors including angle, tension, temperature and aeolian vibration sensors were installed for condition monitoring [114]. The FBG technology allowed all of these parameters to be monitored, with the principles of operation discussed in the earlier chapters.



The authors in this work have reviewed the current technology readiness levels (TRLs) of FBG sensors for various condition monitoring parameters in transformers, overhead infrastructure and cables with the aim of stimulating further research, development and deployment in this area. A summary of TRLs for these parameters in shown in Figure 13.



At this stage, FBG sensors are feasible for deployment in the field to monitor certain parameters of each HV asset. For example, FBG sensors for temperature measurement are established and, therefore, have been installed in the field in transformers, cables, transmission lines and overhead insulators. Similarly, structural monitoring using FBG technology has been demonstrated in the field for overhead infrastructure. Two cases have been presented where the online structural monitoring of transmission towers prompted preventative maintenance actions before tower collapse.



While the TRL levels of these parameters have reached the deployment stage, the installation cases are still relatively new (within the last decade) and exist in a few locations. Wide-scale roll-out and long-term reliability have not been proven as FBG sensors can be susceptible to ageing and failure due to installation and harsh environmental conditions. To provide warning of this issue, Ref. [179] developed a fault detection for FBG sensing systems. Another consideration for wide-scale deployment is the management of data. Multi-parameter online condition monitoring systems will generate large amounts of data which can assist in big data and digitalisation of assets [180] but will increase storage requirements. The incorporation of FBG sensors along with interrogation and storage will therefore increase the costs of the power system and substation equipment. Investment in condition monitoring systems for larger assets such as power transformers and transmission towers may be feasible but smaller assets such as composite insulators may not be justified at this time. Increasing the capacity of commercially available interrogators would also assist in increasing the practical adoption potential of FBG sensing in this context. With more cases of deployment and commercial availability, FBG-based systems can be more cost competitive, encouraging adoption by grid operators.



Other condition monitoring parameters such as partial discharge in cables and transformers are currently more challenging to deploy but continue to be of interest among research facilities. Dissolved gas analysis in transformer oil is another condition monitoring technique that has the potential for field application based on the initial test results published in the literature. With further advancements in the future, these parameters in the research and development stages can be rolled out in assets. This will allow a comprehensive sensing system to be built using one type of fibre optic technology which can reduce the overall cost of the condition monitoring equipment and spur interest among grid operators to adopt the technology into their HV assets.
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Abbreviations


The following abbreviations are used in this manuscript:



	HV
	High voltage



	LED
	Light emitting diode



	HVDC
	High-voltage direct current



	EMI
	Electromagnetic interference



	FBG
	Fibre Bragg grating



	DTS
	Distributed temperature sensor



	PD
	Partial discharge



	AE
	Acoustic emission



	PS-FBG
	Phase-shifted fibre Bragg grating



	PZT
	Lead zirconate titanate



	PEEK
	Polyether ether ketone



	DGA
	Dissolved gas analysis



	PI
	Polyimide



	SP-FBG
	Side-polished fibre Bragg grating



	OPGW
	Optical ground wire



	OPPC
	Optical power conductor



	FEA
	Finite element analysis



	XLPE
	Cross-linked polyethylene



	TRL
	Technology readiness level
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Figure 1. Block diagram of a typical fibre optic sensing system. 
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Figure 2. Structure of the FBG sensor [7]. 
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Figure 3. Principle of operation of the FBG sensor [15]. 
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Figure 4. FBG sensor in PTFE protective packaging for temperature monitoring inside transformer [31]. 
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Figure 5. Setup for tunable laser-based interrogation for detection of acoustic waves generated by PD. 
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Figure 6. Comparison of tunable laser-based interrogation between FBG and phase-shifted FBG [45]. 
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Figure 7. Typical structure of FBG-based hydrogen sensor [71]. 
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Figure 8. FBG temperature sensor installed on 400 kV line, Kolkata [103]. 
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Figure 9. FBG strain sensor clamped to 110 kV line for sag monitoring [108]. 
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Figure 11. Composite insulator with FBG sensor arrays embedded for icing monitoring [148]. 
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Figure 12. Temperature monitoring of cable joint using FBG sensor [174]. 
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Figure 13. Summary of current technology readiness levels of FBG sensors for various parameters associated with HV asset monitoring. Sensors currently in deployment stage (green), development stage (yellow), research stage (orange). 






Figure 13. Summary of current technology readiness levels of FBG sensors for various parameters associated with HV asset monitoring. Sensors currently in deployment stage (green), development stage (yellow), research stage (orange).



[image: Energies 16 06709 g013]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
K
/

ed reflected intensity

Voltige
Voltage

St induced
B ultrasonic

Normalized reflected intensity

g

Normal

Wavelength Wavelength

FBG PS-FBG





media/file4.png
Perturbation

)

Fiber Optic Fiber Optic

Cable Cable





media/file18.png





media/file21.jpg
Big shed
15t big shed “overhang

Big shed

St 5 2nd big shed

FBG Small shed

Small shed]
spacing |

Small shed
overhang






media/file26.png
Transformers

Technology Readiness Level of FBG Sensors for HV Condition Monitoring

Temperature
Partial Discharge
Oil Ageing

Winding Deformation

Temperature
Sag

Transmission
Lines Icing
Mechanical Vibrations
Structural Fault
Overhead Temperature
Insulators Icing
Salt Contamination
Towers Structural Fault

Power Cables

Temperature

Partial Discharge

Research

Development

Technology Readiness Levels

Deployment





media/file3.jpg
Optical Source

Perturbation

I

Cable Cable

Receiver






media/file22.png
Big shed
Ist big shed overhang

FBG302 FBG102

FBG313

Small shed 3# optical fiber—
overhang

2% optical fiber






media/file19.jpg





media/file7.jpg
FBG

Cladding

Incident light Transmission light
— -
Wavelength Wavelength
Fiber core
Reflected light
£ z
H Temperature variations or axial strain variations % Ay
2 _———— 5B -
Wavelength

‘Wavelength





media/file10.png





media/file14.png
)

AJISUIIUI PIJIIJIA PIZI[BULION]

e

-5

by ultrasonyc

d

Shift induced
by ultrasonic

i
-

AJISUIYUI PIJIIJIA PIZI[BULION]

Wavelength

Wavelength
PS-FBG

FBG





media/file11.jpg
Tunable
Laser Source

Photodiode

Oscilloscope

FBG

Il

Acoustic Waves






media/file6.png
Single mode optical fibre ——

/ )r Coating

Core

Gratings

\ A
g
7

l«— FBGlength — | \ Cladding






media/file15.jpg
Palladium coating
- e

Fibre cladding

Core IIIIIII

Palladium coating

Bragg grating





nav.xhtml


  energies-16-06709


  
    		
      energies-16-06709
    


  




  





media/file16.png
Palladium coating

Fibre cladding

/.

Palladium coating

Bragg grating






media/file2.png
|/
Optical Sensing
Interrogator

Tension Sensor

\ WAVAVIYY

Insulator

Overhead
Transmission Line






media/file20.png





media/file23.jpg





media/file5.jpg
Single mode optical fibre

[ A -

\@ —

l+— FBGlength —!| \ Cladding






media/file24.png





media/file1.jpg
Optical Sensing
Interrogator

“Tension Sensorl o

orGw

Overhead
Transmission Line






media/file25.jpg
Tansformers

Transmission
Lines

nsul