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Abstract


Featured Application


This paper introduces an electroluminescent sensing strategy for the real-time detection of zero-value insulators in high-voltage transmission systems. By integrating ZnS:Cu electroluminescent coatings onto insulator surfaces, this methodology provides a naked-eye-observable, on-line, diagnostic strategy for monitoring insulation health. Such an approach could be easily adapted to high-voltage equipment, offering convenient fault detection and maintenance capabilities in electrical infrastructures.




Abstract


In high-voltage transmission lines, insulators subjected to prolonged electromechanical stress are prone to zero-value defects, leading to insulation failure and posing significant risks to power grid reliability. The conventional detection method of spark gap is vulnerable to environmental interference, while the emerging electric field distribution-based techniques require complex instrumentation, limiting its applications in scenes of complex structures and atop tower climbing. To address these challenges, this study proposes an electroluminescent sensing strategy for zero-value insulator identification based on the electroluminescence of ZnS:Cu. Based on the stimulation of electrical stress, real-time monitoring of the health status of insulators was achieved by applying the composite of epoxy and ZnS:Cu onto the connection area between the insulator steel cap and the shed. Experimental results demonstrate that healthy insulators exhibit characteristic luminescence, whereas zero-value insulators show no luminescence due to a reduced drop in electrical potential. Compared with conventional detection methods requiring access of electric signals, such non-contact optical detection method offers high fault-recognition accuracy and real-time response capability within milliseconds. This work establishes a novel intelligent sensing paradigm for visualized condition monitoring of electrical equipment, demonstrating significant potential for fault diagnosis in advanced power systems.
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1. Introduction


High-voltage transmission lines form the critical infrastructure for modern power systems, enabling efficient long-distance electricity transfer, essential for contemporary energy demands. Within these networks, insulators serve a dual function, providing mechanical support for overhead conductors while offering reliable electrical isolation between the conductors and the grounding structure [1,2,3]. However, prolonged exposure to electromechanical stress, environmental weathering, and cyclic electrical loads inevitably degrades insulator materials, leading to the formation of “zero-value defects”, which is a failure mode where insulators lose resistive properties due to internal cracks, surface contamination, or dielectric aging [4,5,6,7]. Such defects transform insulators into conductive pathways, causing leakage currents, localized heating, and flashover events that jeopardize grid stability and risk widespread power outages [8,9,10,11].



Conventional defect detection methods predominantly employ spark gap measurements, relying on manual auditory or visual identification of discharge phenomena [12,13,14]. While straightforward, this approach suffers from critical limitations: labor-intensive implementation, subjective interpretation vulnerable to human error, and susceptibility to ambient noise in operational environments [12,13,14]. Furthermore, its qualitative nature fails to quantify defect severity, hindering predictive maintenance strategies [15,16].



Recent advancements in electric field distribution analysis have emerged as a promising alternative. By correlating insulator defects with distortions in local electric field patterns, researchers aim to create a more objective diagnostic framework. However, existing electric field-based techniques often require sophisticated instrumentation, such as capacitive probes or computational simulations, which are impractical for large-scale deployment or real-time monitoring [17,18,19]. Additionally, these methods lack the ability to provide intuitive visual feedback, an essential feature for on-site decision-making by maintenance personnel [20,21].



The limitations of traditional approaches have spurred interest in novel sensing paradigms that combine high sensitivity, real-time operation, and user-friendly diagnostics. Among these, electroluminescent (EL) materials have gained attention due to their unique ability to convert electric field energy directly into visible light. This phenomenon, driven by the recombination of electron–hole pairs in semiconductor materials under an applied electric field, offers a compelling opportunity to visualize voltage variations without external power sources or complex electronics [22,23,24]. However, as shown in Table S1 [25,26,27,28,29], standard EL technologies primarily operate under low-voltage and benign environmental conditions, with a focus on luminous efficiency or color tuning. Conventional EL systems, including perovskite LEDs (CsPb(Br/Cl)3), quantum dot devices (MoS2@MoO3), and organic emitters (B/N-doped hydrocarbons), operate exclusively at low voltages and require precisely engineered electrode interfaces to generate luminescence. These materials face intrinsic limitations in high-voltage environments: perovskites degrade under humidity and UV exposure, hydrogels exhibit temperature-dependent performance collapse above 40 °C, and most systems necessitate hermetic sealing to prevent oxygen degradation, constraints that render them impractical for outdoor power infrastructure. While electroluminescent materials have seen significant advances in low-voltage applications, their implementation in high-voltage power equipment remains remarkably limited. This demands concurrent solutions to unique challenges, including ultra-high field endurance and dielectric integrity preservation, while maintaining EL functionality for fault diagnosis [30,31,32]. The few existing high-voltage applications primarily focus on GIS components, which explored EL-based field mapping for basin-type GIS insulators, but this work was confined to medium and low voltage electrical equipment in indoor environments and did not address transmission line monitoring challenges [33,34,35,36,37].



In response to these challenges, this study proposes an on-line monitoring sensing strategy for identifying zero-value insulators based on electroluminescence. The core innovation involves integrating copper-doped zinc sulfide (ZnS:Cu) electroluminescent powder into an epoxy coating, which is applied to the critical junction between the insulator’s steel cap and its ceramic or polymer shed. This region, which experiences concentrated mechanical and electrical stresses, serves as a sensitive indicator of insulator health. The primary objectives of this work are threefold: (1) developing and fabricating a durable EL composite coating capable of withstanding the harsh conditions of high-voltage transmission lines; (2) establishing a quantitative relationship between luminescent intensity and voltage magnitude, enabling fault severity assessment; and (3) validating the proposed method’s diagnostic accuracy, response speed, and practicality through comparative experiments.




2. Materials and Methods


Materials preparation: ZnS:Cu fluorescent powder was prepared by high-temperature solid-phase method. The specific preparation process is as follows: Firstly, ZnS and copper chloride (CuCl2) powder were mixed evenly in methanol at a molar ratio of 99:1 and wet-milled for 120 min until fully dried to obtain the precursor mixture. Secondly, the precursor mixture was placed in an alumina boat and compacted, and the temperature in the tube furnace was set at 1050 °C and held for 180 min. Then, the alumina boat was taken out of the tube furnace, placed in a muffle furnace, and adjusted to a temperature of 300 °C for annealing for 30 min. Finally, the obtained sample was re-ground, washed, and dried. A voltage-sensing coating based on ZnS:Cu EL material was prepared. First, E51 epoxy resin and crosslinking agent were mixed in a centrifugal mixer at a ratio of 9:5 and stirred at a stirring speed of 25 krad/min for 30 min for uniform mixing to obtain the mixed material. The 9:5 ratio ensures the curing reaction proceeds efficiently at ambient conditions, forming a densely crosslinked network that achieves full curing within hours at 25 °C. Then, ZnS:Cu was added to the mixed material with the mass ratio of 1:4. The mixed ZnS:Cu/epoxy mixture was stirred in a centrifugal mixer at a stirring speed of 25 krad/min for 10 min. Finally, the well-mixed coating was sprayed on the surface of the insulator to form a coating. ZnS:Cu EL powder will emit light under the irradiation of ultraviolet lamps. By spraying under ultraviolet lamps, the spraying effect can be observed in real time to ensure uniform spraying. To reduce the distortion of the electric field strength on the insulator surface caused by the coating, the coating should be as thin as possible, with a thickness aimed to approximately 0.1 mm. In controlled deposition processes, thickness is generally maintained as constant unless intentionally varied. Thickness variations across the deposited layer, however, are inevitable due to inherent limitations in manufacturing techniques. Substrate roughness, coating viscosity fluctuations, drying kinetics, or edge effects during deposition can create gradients.



Characterization: A 35 kV test transformer was used to apply voltage to both ends of the insulator. The rated capacity of the equipment was 100 kVA, the rated voltage was 35/0.4 kV, and the rated current was 2.86/250 A. One end of the insulator was connected to the high-voltage terminal of the transformer and the other end was connected to ground. The output voltage at the high-voltage terminal was controlled through a computer to change the voltage applied to the insulator, thereby controlling the luminescence and color change effect of the coating. The dielectric spectrum was performed with a concept 80 system (Novocontrol Technologies GmbH, Hundsangen, Germany) with 1 V AC voltage in the temperature range of −100–160 °C and frequency range of 10−1–106 Hz. The breakdown test was performed with 25 mm standard sphere-plate copper electrode in insulating oil with a voltage ramping rate of 1 kV/s. The surface flashover experiment of the insulator was carried out in an air environment; the interval between two consecutive surface discharges was 2 min. In each case, three samples were tested, and 11 flashover experiments were conducted on each insulator. With the use of a calibrated high-precision spectrometer (Ocean Insight HDX-VIS-NIR spectrometer), under the illumination of the standard light source D65, the sample to be tested was fixed on the test platform to ensure a flat surface and no interference from environmental stray light. The spectral reflectance/transmittance data of the sample within the wavelength range of 380–780 nm were collected by the spectrometer, and then the chromaticity coordinates (x, y) were derived and calibrated on the CIE 1964 chromaticity diagram. The experiment was repeated three times, and the average value was taken to ensure the reliability of the data.




3. Results and Discussion


3.1. The Triggering Mechanism of EL in ZnS:Cu


ZnS:Cu is a classic type of intrinsic EL material; its EL process originates from the collision ionization and radiation recombination mechanism of carriers under a high electric field [38]. As shown in Figure 1, under an alternating electric field, electrons are injected into the ZnS:Cu light-emitting layer through the transparent electrode and the metal back electrode. When the applied electric field intensity reaches approximately 1 kV/mm, the carriers acquire sufficient kinetic energy under the acceleration of the electric field and undergo inelastic collisions with the Cu2+ luminescent centers in the lattice [39,40]. This process causes the electrons in the luminescent center to be excited to a metastable energy level and then return to the ground state through radiative transitions, releasing green photons with a wavelength of 505 nm [39,40]. The field-driven excitation mechanism provides the fundamental basis for utilizing ZnS:Cu in high-voltage sensing applications, where electric field strength can directly govern EL output.




3.2. Voltage Distribution Simulation of Insulators and Insulator Strings


During the operation of high-voltage power systems, there is an obvious potential distribution on the surface of insulators. Obtaining a clear situation of the voltage distribution on the insulator is helpful for better understanding and formulating the insulator voltage characterization strategy based on EL coating. In this study, the finite element analysis (FEA) was employed to investigate the surface potential distribution characteristics under operational conditions by using the COMSOL Multiphysics platform (COMSOL 6.2).



The structural model of the insulator used in the simulation is shown in Figure 2a. The relative dielectric constant and electrical conductivity of the insulator’s shed, steel cap, steel foot, and cement-based bonded part were set according to the values detailed in Table 1, whose parameters reflect typical material properties derived from standardized testing data and literature benchmarks [41,42]. The zero-value defects were modeled by modifying the material parameters of cement and ceramic with a relative permittivity of 8000 and a conductivity of 0.1 S/m. The model adopts triangle meshing with adaptive refinement at material interfaces to resolve steep potential gradients while maintaining computational efficiency. Boundary conditions were defined to replicate operational scenarios: high-voltage terminal with 10 kV AC excitation (50 Hz), ground terminal with zero potential constraint, and atmospheric boundaries with floating potential with air dielectric properties. For an insulator with effective insulation performance, the simulated potential distribution reveals a characteristic nonlinear voltage gradient along the shed surface, as shown in Figure 2b. The steel cap-to-shed potential difference reaches 2.4 kV under 10 kV voltage. However, when the insulator is damaged and reaches a zero value state, as shown in Figure 2c, the potential difference between the steel cap and the shed decreases significantly (<100 V). In this case, the steel cap and the shed can basically be regarded as being at the same electrical potential.



To validate scalability to practical transmission line configurations, a 110 kV voltage-level insulator string comprising seven units was simulated. As shown in Figure 3a,b, the voltage division exhibits characteristic nonlinear distribution along the string for an insulator string with effective insulation performance. There is a potential difference of 17 kV between the steel cap of the terminal insulator and the shed, while there is a potential difference of 15 kv between the central insulators. This pattern is caused by the edge effect, amplified by the mutual capacitance between adjacent insulators. Conversely, the introduction of zero-value insulators dramatically redistributes voltages, as shown in Figure 3c,d. The potential difference between the two ends of the zero-value insulator drops sharply to less than 100 V, while the adjacent insulator experiences a surge to 20 kV. This redistribution adheres to Kirchhoff’s voltage law, as the zero-value insulator’s near-zero impedance forces neighboring insulators to compensate through elevated electric stresses. These simulations confirm that anomalous voltage redistribution provides a robust indicator for identifying zero-value insulators in the insulator string. This variation in potential difference provides the basic principle of using EL coating to detect zero-value insulators in this work. When the insulator performs with effective insulation, there is a potential difference between the steel cap and the shed, and this potential difference can drive the EL coating to glow. And for insulators with zero-value defects, zero-value defects cause the insulation resistance of the insulator to drop sharply and lose its insulation property.



The finite element simulations reveal a fundamental behavior in potential distribution: healthy insulators maintain substantial voltage gradients across their surfaces, while zero-value insulators exhibit near-equipotential conditions (<100 V) due to their collapsed impedance. This critical finding directly inspired our EL coating design strategy—by the application of the luminescent material at locations of maximum potential difference in functional insulators, the coating’s light emission becomes a direct visual indicator of insulation integrity.




3.3. Dielectric Properties of the EL Coating


The dielectric stability of ZnS:Cu-doped epoxy composites constitutes a critical parameter governing their viability as functional coatings for high-voltage insulators [33,43]. To comprehensively evaluate this aspect, broadband dielectric spectroscopy was employed to characterize temperature- and frequency-dependent permittivity (εᵣ) and dielectric loss (tan δ) across operational ranges (−100~160 °C; 10−1~106 Hz), with results detailed in Figure 4. The dielectric constant (εr) profiles reveal three distinct thermal regimes influenced by dominant polarization processes, as shown in Figure 4a,b. At sub-ambient temperatures (−100~20 °C), εᵣ maintains exceptional stability within 4.5–5.5 across all frequencies (Figure 4a), while tan δ remains below 0.02 (Figure 4c). This thermodynamically constrained behavior arises from restricted molecular mobility below the material’s glass transition temperature (Tg), where dipolar orientation becomes kinetically inhibited [33,43]. Within the service temperature window (20~60 °C), εr at power frequencies (50~60 Hz) stabilizes at approximately 5–10, closely aligning with values reported for undoped epoxy systems, thus confirming that ZnS:Cu doping preserves the baseline capacitive voltage-division behavior without significantly distorting the dielectric response. At elevated temperatures (>60 °C), however, a sharp rise in εr is observed, particularly below 10 Hz, where values reach over 103. This anomalous behavior is attributed to the enhanced segmental chain mobility at the temperature over Tg.



In parallel, tan δ spectra delineate two distinct thermally activated relaxation processes, as shown in Figure 4c,d. The first, a β-relaxation process occurring in the −100~20 °C range, exhibits peak frequencies in the 102~103 Hz [33,43]. This relaxation is attributed to interfacial polarization at the filler–matrix boundaries, facilitated by the higher electron affinity of ZnS:Cu relative to the epoxy host. The second, a high-temperature α-relaxation process (120~160 °C), occurs at lower frequencies (100~102 Hz). This process is associated with epoxy chain reptation dynamics and coupled Zn2+ ionic conduction effects near the electrodes. The temperature-dependent dielectric loss behavior adheres to the Havriliak–Negami empirical relation [33,43].



Furthermore, the electrical conductivity measurements corroborate these dielectric transitions. Experimental data in Figure 5a,b shows that the coating’s conductivity remains stable and favorable below 40 °C, ensuring optimal insulation. However, as the temperature exceeds 40 °C, which is above Tg of the coating material, there is a noticeable increase in the coating’s conductivity. This rise stems from enhanced molecular mobility and the activation of charge carriers, which cases the material transitions to a more flexible state. Thus, the coating may not be applied to power equipment under high temperatures at this stage.



Breakdown field strength and flashover voltage along the surface are two other extremely important performance indicators of insulators. As shown in Figure 5c, the breakdown field strength is 36.48 kV/mm, meeting the required standards for effective high-voltage insulation. Additionally, experimental measurements of the flashover voltage of insulators coated with this material reveal a clear improvement in their performance, as shown in Figure 5d. When the insulator surface is coated with the paint, the flashover voltage increases from 35 kV for an uncoated insulator to 37 kV. This enhancement is indicative of the protective nature of the coating; by mitigating surface flashover, the coating significantly boosts the operational reliability of insulators under high-voltage conditions. As shown in Figure S1, the fracture surface exhibits excellent dispersion of ZnS:Cu particles within the epoxy matrix, with no observable agglomeration even at high magnification. The particles demonstrate uniform spatial distribution throughout the coating, which directly contributes to the material’s homogeneous luminescent output and stable dielectric properties. The SEM images further demonstrate intimate interfacial contact between ZnS:Cu particles and the epoxy matrix, with no visible voids or delamination at the filler–matrix boundaries. This dense microstructure accounts for the coating’s high breakdown strength and enhanced flashover resistance, as it prevents localized field concentration that could initiate electrical trees or surface discharges. This nanoscale characterization bridges the gap between material design and macroscopic performance, explaining why the coating achieves both reliable EL response and robust insulation properties. As for the aging life of the coating, while accelerated aging datasets require future validation, industrial evidence suggests the E51 epoxy-based coating retains structural/dielectric stability for 2–5 years in moderate outdoor environments [44,45,46].



In summary, the EL coating has stable εr, low dielectric loss, high breakdown field strength, and flashover suppression capability within the working temperature range. These capabilities ensure the insulation reliability of the EL coating itself and make it suitable for insulator detection under high-voltage operation.




3.4. Experiment of the Insulators with EL Coating


The luminescent intensity and spectral stability of EL materials under high electric fields are pivotal for their application in EL-voltage sensing systems. To quantitatively assess the relationship between electric field strength, luminous intensity, and chromaticity characteristics, the EL behavior of ZnS:Cu–epoxy composite films was systematically characterized using a custom-designed ball-sphere electrode configuration, as schematically illustrated in Figure 6a. Experimental observations reveal that a distinct EL response emerges at an applied voltage of approximately 2 kV, marking the onset of visible light emission from the composite film. As the applied voltage increases, the luminescent intensity progressively enhances, and at voltages exceeding 5 kV, the entire film exhibits a pronounced and uniform blue-green glow. The corresponding chromaticity coordinates are shown in Figure 6b, confirming the spectral stability of the emission across varying field intensities. Further analysis of the voltage-dependent luminous response, as presented in Figure 6c, indicates a clear saturation behavior beyond 6 kV. In this regime, the luminous intensity plateaus, suggesting that most of tge ZnS:Cu particles have reached excitation equilibrium, and the charge injection processes governing radiative recombination have stabilized. Overall, these results demonstrate that the ZnS:Cu–epoxy composite not only exhibits robust electroluminescence under high-voltage excitation but also maintains chromatic stability and intensity reproducibility, reinforcing its potential in advanced optoelectronic and energy-autonomous sensing platforms.



In order to evaluate the feasibility of EL coating sensing and indicating the voltage magnitude endured by insulators, different voltages were applied to both ends of EL-coated insulators with a surface coating thickness of 120 μm, and the luminescence phenomenon of EL coating under different voltages was observed. Under daytime indoor conditions (Figure 7a), the coating exhibited a clear blue-green EL response when the applied voltage exceeded a threshold of 5 kV. The luminous intensity increased progressively with higher voltages, demonstrating a strong voltage dependence. Nighttime experiments (Figure 7b) revealed a similar trend, with luminescent intensity enhancing as voltage increased. Notably, the chromaticity coordinates of the emitted light remained stable at (0.26, 0.31) across all tested voltages (Figure 7c), confirming the consistency and reproducibility of the luminescent color—a critical feature for practical sensing applications. The specific numerical relationship between voltage and luminous intensity (Figure 7d) displayed a linear increase within the 5–20 kV range. In particular, when the applied voltage exceeds 22 kV, the intensity saturated, suggesting that carrier injection had reached equilibrium, and further voltage increases did not significantly enhance light output. Interestingly, nighttime measurements recorded a 10% higher luminous intensity than daytime observations at identical voltages. This discrepancy is attributed to the absence of ambient stray light at night, allowing more accurate detection of the coating’s intrinsic luminescence.



The coating’s metrological performance was rigorously validated through comparisons between experimental measurements and finite element simulations. The developed model successfully predicted voltage distributions across test insulators using luminescence intensity as input, achieving a mean error of 10% (Table 2). The model demonstrated improved accuracy at higher voltages, with errors decreasing to approximately 7% in the 15~20 kV range, indicating particular suitability for typical transmission line operating conditions. This close agreement between experimental and simulated results confirms the coating’s dual capability as both a visual indicator and quantitative measurement tool for insulator voltage monitoring. The observed 10% mean error between measured and simulated voltages (Table 2) stems from compounded uncertainties in instrumentation, environmental variables, and model simplifications. Instrumentation limitations primarily from the Ocean Insight HDX-VIS-NIR spectrometer’s NIST-traceable calibration uncertainty (±3%), dark noise (±0.1 cd/mm2), and daytime stray light suppression, which collectively contributed ~4.2% to the total error, with dominant effects below 10 kV, where signal-to-noise ratios were suboptimal. Model assumptions introduced a ~3.3% discrepancy, notably from simulating a uniform relative permittivity and omitting edge-field enhancements at the steel cap–shed junction. Additionally, coating thickness variations and ZnS:Cu dispersion heterogeneity contributed ~2.5% through localized electric field distortions. Voltage-dependent trends further contextualize these errors: higher discrepancies at 5–10 kV align with instrumentation limitations under low-photon-flux conditions, while improved accuracy at 15–20 kV reflects enhanced signal stability where model simplifications became the residual error source. To address these limitations, future implementations will employ electrospray deposition for thickness control, integrate real-time temperature compensation using εr-T relationships from Figure 4, and adopt high-dynamic-range photodetectors to mitigate saturation effects.



The above experimental results confirm that the EL coatings can effectively sense the voltage applied to individual insulators. To further validate their capability for detecting zero-value insulators, we conducted tests on a string of seven insulators (including two zero-value insulators) under an applied voltage of 110 kV. The voltage distribution across each insulator and the corresponding luminescence intensity of the coating were measured simultaneously (Figure 8). The coating exhibited distinct luminescence responses that clearly differentiated between functional and zero-value insulators. While healthy insulators showed measurable luminescence intensities proportional to their voltage loads, the zero-value insulators displayed negligible luminescence, as evidenced by the detailed inset in Figure 8. This direct correlation between luminescence absence and zero-voltage conditions demonstrates the coating’s effectiveness in identifying faulty insulators within a string.



To quantitatively assess this relationship, we performed simulations based on the measured luminescence intensities to predict the voltage distribution across the insulator string. The simulated results showed excellent agreement with experimental measurements, with discrepancies consistently below 10%. Notably, the simulation accurately predicted the near-zero voltage condition of the defective insulators, further validating the reliability of this approach. The combined experimental and simulation results demonstrate that this approach can significantly enhance the safety monitoring of high-voltage transmission lines, providing both immediate visual feedback and precise quantitative data for maintenance decisions. The robust performance under actual operating conditions (110 kV) and the consistent sub 10% error in voltage prediction highlight the technical viability of this solution for practical grid applications. Based on the above experimental phenomena, we also propose an innovative solution for future field applications. Field inspections deploy UAVs equipped with multispectral imaging to capture real-time electroluminescent responses (e.g., chromatic shift from blue-green to colorless under abnormal fields) in ZnS:Cu–epoxy coatings on live 110 kV insulators, enabling simultaneous defect localization with infrared thermography.





4. Conclusions


In summary, this study establishes ZnS:Cu EL coating with potential as an on-line sensing strategy for zero-value insulator detection in high-voltage transmission systems. Critically, we demonstrate a quantitative relationship between applied voltage and EL intensity, characterized by an activation threshold at 2 kV and performance saturation above 6 kV, with blue-green luminescence characteristics within CIE coordinates of 0.19–0.32. Crucially, integrating this EL coating at the steel cap–shed interface preserves the insulator’s core dielectric functionality, maintaining a stable permittivity of 5.5 at 50 Hz/20 °C and low dielectric loss tangent < 0.02 under ambient conditions. The coating enhances insulator flashover voltage from 35 kV to 37 kV, with a characteristic breakdown strength of 37 kV/mm, thereby meeting practical insulation requirements. Validation on 110 kV insulator strings robustly confirms the coating’s diagnostic capability, where insulators of effective insulation performance show naked-eye-observable, voltage-proportional light emission, while zero-value insulators exhibit near-zero luminescence due to collapsed potential differences. Comparative analysis of simulated and experimental voltage distributions reveals <10% deviation, confirming the reliability of the strategy for real-time on-line monitoring proposed here. Consequently, this work establishes an intelligent paradigm for the on-line health monitoring of insulators by merging passive sensing with optical diagnostics, proposes an emerging strategy for the design of self-diagnostic power infrastructure, and potentially contributes to the maintenance strategies in next-generation smart power grids.
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Figure 1. The triggering mechanism of EL in ZnS:Cu. 






Figure 1. The triggering mechanism of EL in ZnS:Cu.



[image: Applsci 15 07965 g001]







[image: Applsci 15 07965 g002] 





Figure 2. Simulation of electric field distributions in insulators. (a) Constructed insulator structure for simulation. (b) Electrical potential distributions of insulator with effective insulation performance. (c) Electrical potential distributions of zero-value insulator. 
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Figure 3. Voltage distributions of an insulator string containing 7 insulators. (a) Voltage and (b) electrical potential distributions of an insulator string with 7 insulators of effective insulation performance. (c) Voltage and (d) electrical potential distributions of an insulator string containing 2 zero-value insulators. 
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Figure 4. Frequency-dependent dielectric spectra of ZnS:Cu-doped epoxy composite coating. Variations of dielectric constant in (a) −100~20 °C, (b) −40~160 °C. Variations of dielectric loss in (c) −100~20 °C, (d) −40~160 °C. 
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Figure 5. Electric conductivity and insulation performances of ZnS:Cu-doped epoxy composite coating. Frequency dependent electrical conductivity in (a) −100~20 °C, (b) −40~160 °C. (c) The AC breakdown performances. (d) The AC flashover voltages of insulators. 
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Figure 6. Electroluminescence performances of the EL material. (a) Demonstration of electroluminescence under voltages of 0~6 kV. (b) CIE chromaticity diagrams of the light-emitting layer under voltages of 0~6 kV. (c) The luminous intensity of the light-emitting layer under voltages of 0~8 kV. 






Figure 6. Electroluminescence performances of the EL material. (a) Demonstration of electroluminescence under voltages of 0~6 kV. (b) CIE chromaticity diagrams of the light-emitting layer under voltages of 0~6 kV. (c) The luminous intensity of the light-emitting layer under voltages of 0~8 kV.



[image: Applsci 15 07965 g006]







[image: Applsci 15 07965 g007] 





Figure 7. Electroluminescence performances of ZnS:Cu coating on insulators (a) Demonstration of electroluminescence at voltages of 0~25 kV in indoor conditions. (b) Demonstration of electroluminescence at voltages of 0~25 kV in nighttime conditions. (c) Electroluminescence CIE of the coating at voltages of 0~25 kV. (d) Electroluminescence intensity of the coating on insulators at voltages of 0~30 kV. 
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Figure 8. The EL result of the coating in the insulator string. 
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Table 1. Simulation parameters of insulator.
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	Material
	Air
	Ceramic
	Cement
	Steel





	Relative dielectric constant
	1
	6
	14
	1



	Electrical conductivity
	1 × 10−4
	1 × 10−8
	1 × 10−9
	1 × 107










 





Table 2. Measurement errors of the voltage across insulators at different voltage levels.
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	Electroluminous

Brightness

(cd/mm2)
	Voltage Subjected to the Coating

(kV)
	Simulated Voltage Subjected to the Insulator

(kV)
	Actual Voltage Subjected to the Insulator

(kV)
	Error Rate

(%)





	3.16
	0.45
	1.81
	2
	9.67



	5.82
	1.11
	4.42
	4
	10.45



	13.56
	1.38
	5.46
	6
	9.38



	25.94
	2.18
	8.92
	8
	11.54



	38.65
	2.30
	9.24
	10
	7.63



	51.23
	2.76
	11.21
	12
	6.59



	58.76
	3.78
	15.18
	14
	8.42



	64.52
	3.71
	14.86
	16
	7.15



	69.84
	4.76
	19.24
	18
	6.87



	73.21
	5.18
	21.19
	20
	5.96
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