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Abstract

:

The marine environment in which offshore wind turbines are located is very complex and subjected to a variety of random loads that vary with time and space. As an important component of offshore wind power, the cable also bears the impact of the environment in which most of the turbines are located. Under the long-term action of mechanical stresses such as tension, torsion, and vibration, the cable insulation will crack due to stress fatigue leading to partial discharge, which seriously affects its electrical performance. The study of the mechanism of the change of electrical properties of cable insulation due to mechanical behavior is of great theoretical guidance to improve the reliable operation of cables. This paper first introduces the basic characteristics and operating conditions of torsion-resistant cables and submarine cables. Then the mechanical behavior of the cables is summarized, and the deterioration mechanism and deterioration effect of wind power cable insulation under the influence of multiple factors such as heat, oxygen, and mechanical stress are sorted out. Then, the basic principles of wind power cable operation condition monitoring methods and their characteristics are described. Finally, the relevant methods for the detection of hidden defects inside the insulation are summarized.
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1. Introduction


Energy is the cornerstone of economic and social development and a fundamental guarantee for the survival of human society. In recent years, global climate change has been abnormal, resources are increasingly depleted, and countries are accelerating the development of new energy sources [1,2,3]. As a kind of new energy generation, wind power has many advantages and can effectively reduce environmental pollution and energy costs, so the wind power industry is developing rapidly, and the global installed capacity of wind power generation is increasing at a rate of more than 20% per year. China is rich in offshore wind energy resources, and offshore wind power generation is close to the load center, so the development prospect is very broad [4,5]. The rapid development of wind power generation has greatly stimulated the demand for cables, and the scale of cables for offshore wind power generation will increase significantly in the coming decades [6]. The main cables for offshore wind power generation are control cables concentrated inside the nacelle, torsion-resistant cables connected between the nacelle and the upper and lower parts of the tower, and submarine composite cables that transmit electrical energy to land.



Offshore wind farms raise the voltage usually using the two-stage step-up method, the wind turbine output voltage of 690 V through the box transformer to 35 kV, respectively through the 35 kV submarine cable convergence to 110 kV or 220 kV booster station, and then through the 110 kV or 220 kV submarine cable transmission to the shore, and finally connected to the grid.



For torsion-resistant cables, the electrical performance will be degraded during operation by various factors such as electrical, thermal, and mechanical. The main insulation of this part of the cable is made of ethylene propylene rubber (EPR). This is because EPR has high operational reliability, and its electrical and mechanical properties hardly degrade after water immersion. The main insulation of submarine cables is made of cross-linked polyethylene (XLPE), which has a simple structure, good heat resistance, high load capacity, and high mechanical strength.



Offshore wind power cable operating conditions are complex, as reflected in: on the one hand, in the wind turbine yaw process cable twists with the nacelle, frequent twisting makes the cable core and sheath between the formation of relative sliding, frequent friction leads to insulation and sheath aging accelerated, eventually leading to cable insulation damage, breakdown or serious damage to the outer sheath; on the other hand, the submarine cable work in a complex submarine environment, long-term exposure to ocean currents impact, the operation process will be subject to mechanical stresses, such as twisting, stretching, frictional vibration, etc., which will damage the insulation structure and water insulation capacity of the submarine cable, and then directly affect its electrical performance, threatening the normal operation of the submarine power transmission network [7,8]. The schematic diagram of cables for wind turbines is shown in Figure 1.



The study of the mechanism of cable insulation degradation and electrical performance change due to mechanical behavior is of great theoretical guidance to improve the reliable operation of cables. To this end, this paper introduces the characteristics and operating conditions of wind power cables, sorts out the research related to cable insulation deterioration under multiple stresses, and explains the ways of insulation aging, aging mechanisms, and aging effects. The current methods and research results in the field of cable insulation defect detection are summarized.




2. Overview of Offshore Wind Power Cables


2.1. Introduction to Cables for Blade Lightning Protection and Fixed Cables in Tower


Lightning strikes are a serious threat to the safe and stable operation of wind turbines. The blade is one of the important parts of a wind turbine, but also the most vulnerable to lightning strike components. In the event of a lightning strike, the blade lightning cable will lightning current discharge into the earth as far as possible to reduce the blade to bear the intensity of lightning current and time, to minimize losses. Wind turbine blade lightning cable is generally arranged in the blade internal, from the flash connector parts; to the blade root end. The cable core is made of copper, and the main insulation is made of polyvinyl chloride or cross-linked polyethylene. As the lightning current amplitude is huge, the blade lightning cable copper conductor cross-sectional area is generally 50~70 mm2 to ensure that when a lightning strike occurs, the huge lightning current will not make the blade temperature increase, to avoid the blade being damaged by the lightning current.



In wind turbines, except for the cables in the uppermost section of the tower, the other cables in the tower are fixed-laid. Unlike the cables in the nacelle and the upper section of the tower, the fixed-laying cables do not require the performance requirements of twist resistance, and the amount of tower cables is much larger than the number of cables in the nacelle. So the cable inside the tower can be replaced by aluminum core cable to reduce cost reduction. This part of the cable uses a new aluminum alloy wire structure, the outer diameter is smaller, has superior bending performance, and the outer diameter is smaller than the same current-carrying copper cable, lighter weight. This part of the cable is reliably fixed by the clamp plate installed on the inner wall of the tower when it is laid. Due to the long-term vibration of the wind turbine tower, this part of the cable also has to have excellent anti-vibration properties.




2.2. Characteristics of Torsion-Resistant Cables


Offshore wind turbines are located in a very complex and harsh marine environment, subject to a variety of random loads that vary with time and space, including strong winds, currents, tides, etc., and are also subject to the threat of earthquakes and the impact of human activities. Wind power cables in the long-term torsion process, the main insulation due to fatigue stress cracking, seriously affect its service life. Cables for wind turbines are divided into power cables, control cables, and grounding cables, which are mainly used for the transmission of electrical energy as well as control signals and safety protection of the unit in the generator, control cabinet, and box transformer [9]. The semi-conductive shield is an important structure of the cable, which plays the role of a uniform electric field and makes the connection between the conductor and the insulation layer tighter, and is an indispensable part of the cable [10]. The semi-conductive layer of the cable is highly susceptible to damage during twisting, resulting in damaged insulation. Therefore, the cables used in wind turbines must have excellent performance to ensure that they can maintain excellent electrical transmission performance and mechanical properties in the harsh external environment. Figure 2 shows the current torsion-resistant cables produced by domestic manufacturers.



Usually, this part of the cable should have characteristics such as low-temperature resistance, torsion resistance, corrosion resistance, oil resistance, etc. The main technical performance requirements of the cable [11]:




	
Good low-temperature resistance and torsion resistance characteristics, excellent corrosion resistance to oil and chemicals, UV resistance and salt spray resistance;



	
Must meet the ambient temperature of −45 °C~+50 °C and the operating temperature of −40 °C~+90 °C;



	
The requirements of the cable bending radius: fixed installation is not less than four times the outer diameter of the cable; mobile installation is not less than five times the outer diameter of the cable;



	
Pass the single vertical combustion test as stipulated in DB/T18380.12 and the bundle combustion test as stipulated in GB/T18380.35 for Class C;



	
In the −40 °C low-temperature environment with clockwise and counterclockwise rotation 1440°, the number of rotations for 10,000 conditions, the surface of the sheath after twisting no cracks, conductor fracture does not occur, and immersion in water after 2.5 U0 AC power does not break down within the specified time;



	
The halogen-free performance of the cable meets the requirements of IEC60745-1 and IEC60745-2.








The cables for wind turbines can be divided into 450/690 V, 0.6/1 kV, 1.8/3 kV, 12/20 kV, 18/30 kV, and 20/35 kV according to the working voltage, and the main insulation is generally made of ethylene propylene rubber (EPR). In recent years, the cables for wind turbines of 1.8/3 kV and below produced by domestic enterprises have fully met the requirements of use. With the development of offshore wind turbines toward single large-capacity, countries have launched research on medium-voltage torsion-resistant cables with rated voltages of 12/20 kV, 18/30 kV, and 20/35 kV. Among them, the 20/35 kV cable is mainly used in wind turbines with a single capacity of 2 MW and above to connect the high-voltage side of the transformer located at the rear of the nacelle and the medium voltage switchgear at the bottom of the tower [12]. This cable is suspended inside the uppermost tower section, with the upper end rotating with the nacelle and the lower end fixed to the tower.




2.3. Overview of Submarine Cable Operating Conditions


Submarine transmission cables transmit the electrical energy generated by offshore wind turbines to shore [13,14]. As an important electric energy transmission channel and key equipment for wind power generation, the working condition of the cable is of great significance to the stable operation of the power grid [15,16]. The development and utilization of submarine cable technology have a history of more than 100 years, and the early submarine cables were used to supply power to offshore equipment. The first submarine power cable in history was successfully laid in the English Channel in the 1850s in the UK [17]. At the beginning of the 20th century, the 10 kV AC three-core submarine cable was put into use in San Francisco, USA. The booming offshore wind power in recent years has brought about the rapid development of composite submarine cables. China’s research and development of submarine cables started in 2004, with the delivery of 110 kV fiber optic composite submarine cables in 2007, the production of China’s first 220 kV-grade submarine cable in 2010, and the development of 500 kV-grade submarine cables in 2014, which were delivered through acceptance in July 2018.



Cross-linked polyethylene (XLPE), due to its good electrical, mechanical, physical, and chemical properties, is widely used as the main insulation material for submarine cables [18,19]. Due to the complex environment of the subsea, submarine cables are designed and manufactured to contain metal armor layers to ensure mechanical strength. The overall structure of submarine cables is divided into single-core and three-core. Single-core submarine cables are less expensive to produce and generally have a larger transmission capacity and high operating voltage during long-distance transportation, so single-core cables are mostly used. And three-core is mainly used for low-voltage transmission and distribution lines. Under the conditions of the same conductor cross-section and material selection of each layer, the loss of three-core submarine cable is smaller. To achieve the simultaneous transmission of electricity and signals, the fiber optic composite submarine cable is formed by adding communication fiber optic cable or temperature measurement fiber optic cable to the submarine cable [20]. Figure 3 shows the structure of a single-core submarine cable.



XLPE-insulated submarine cable is also divided into two types DC submarine cable and AC submarine cable. DC submarine cables use the high-voltage DC transmission method, which does not have the problem of reactive power compensation and can flexibly adjust the power and current of the line. The use of DC transmission also has inherent disadvantages, the accumulated space charge in the insulation layer will lead to insulation performance degradation, and DC system monopole operation generated by galvanic corrosion can also harm submarine equipment.



Since submarine cables are subjected to external loads such as tension, torsion, and anchor smash, these external loads can affect the electrical performance of the cable. Wenchao Wang et al. built a tensile test rig, as shown in Figure 4 [21]. Tensile tests and finite element simulations were carried out on the flat steel wire armored fiber composite submarine cable. The simulation results showed that the strain on the inner liner and sheath of the submarine cable was higher than the other layers when subjected to tensile load; because the inner liner and sheath were made of softer materials such as linen or plastic with smaller thickness, which were easily damaged when subjected to overload. At the same time, in the middle section of the cable in the tensile process, the stress and strain are more gentle, and, in the end position, it is easy to produce large deformation and stress concentration, and the laying and operation process should focus on this part of the region.



It is necessary to consider the working conditions of submarine cables during coiling, transportation, laying, and operation to ensure the stable operation of submarine cables. In the process of transmitting power and signals, submarine cables will inevitably cross over fault activity areas. Slip and misalignment displacements triggered by walking faults can subject the cable to a variety of loads, and Dongliang Shao et al. studied the stress state and damage mechanism of submarine cables under typical walking faults [22]. When a slip fault occurs, the cable is subjected to transient impact and large deformation, which can lead to outer sheath cracking in severe cases. Figure 5 shows the trend of cross-sectional deformation of the copper conductor, XLPE insulation layer, and armor layer at the fault layer with fault displacement.



When the fault displacement is less than 0.3 mm, the cross-sectional deformation of the XLPE insulation layer and armor layer is roughly the same region, but with the increase of the misalignment displacement, the deformation of both is not synchronized. The stiffness of galvanized armor layer is larger than that of the insulation layer, so it is not easy to deform, and the amount of misalignment displacement is too large, which will lead to delamination between the main insulation and the armor layer of the cable, forming uneven electric field and affecting the electrical performance of the submarine cable.





3. Deterioration Mechanism of Wind Power Cable Insulation


3.1. Deterioration Mechanism of Ethylene Propylene Rubber


The main insulation material for wind power torsion-resistant cables is ethylene propylene rubber (EPR), which is soft and has good resistance to deformation and thermal cycling aging [23]. Compared with XLPE, EPR can effectively inhibit the generation and growth of electrical and water dendrites in the cable and is suitable for high-frequency torsional wind power intra-tower cables [24]. Under the impact of strong offshore winds, waves, and high-temperature and humidity operating environments, offshore wind turbines and their attached accessories are subjected to great tests. Due to multiple stresses, the cable insulation degrades faster, and in the tower and nacelle, the cable does not dissipate heat sufficiently during operation, and all these stresses can cause degradation of the insulation material, which may eventually lead to breakdown [25]. The study of the deterioration mechanism of ERP insulation materials is important for the design and manufacture of cable insulation materials and the improvement of their performance, which is beneficial to improve the reliability of wind power generation [26].



Cable insulation materials are subjected to multiple factors such as heat, oxygen, corrosion, and mechanical stresses during use, and degradation, cross-linking, and other aging behaviors occur. Insulation material aging mechanisms are generally thermal-oxygen aging, ozone aging, and fatigue aging, which occur due to the repeated action of mechanical stress, while aging occurs under the multiple effects of electrical and thermal stresses [27]. The aging of EPR under multiple harsh environmental conditions such as heat, salt spray, and humidity has attracted the attention of many scholars [28,29], as some wind power plants are located in environments with large temperature differences between day and night and high humidity and salt spray concentrations in the offshore environment. Sei Li et al. carried out an aging test study on homemade ethylene propylene diene monomer (EPDM) under hot air, humid heat conditions, and salt spray corrosion cycles, respectively, and performed Fourier transform infrared spectroscopy (FTIR) analysis and cross-link density tests, and after aging under the three conditions, the main chains of rubber molecules in foamed EPDM were not destroyed, but as the aging temperature increased, the sample cross-linking phenomenon will be more obvious as the aging temperature increases [30].



Linfeng Cao et al. investigated the accelerated aging of EPR power cables of 15 kV under multi-stress conditions [31]. Current experimental life models for cable aging under multiple stresses mainly include Fallou’s exponential model [32], Montanari’s probabilistic model [33], and Crine’s physical model [34]. Due to the complexity of aging conditions, no single model can explain well the aging phenomena under all conditions from existing publications. The initial partial discharge voltage at different aging times for EPR cables with increasing AC voltage and rated current and superimposed positive polarity switching pulses of 62 kV is shown in Figure 6. After an aging time of 150 h, the initial partial discharge voltage decreases significantly, and then the initial voltage starts to increase. Between the aging time of 650~800 h, the initial partial discharge voltage fluctuates again. As more switching pulses are applied to the cable samples, the partial discharge initial voltage decreases significantly.



As scholars have been studying the cable insulation failure problem, several methods to assess the condition of cable insulation and techniques to explore the insulation failure mechanism have been proposed [25]. The degradation of insulation properties caused by the aging of cable insulation inevitably leads to changes in electrical as well as mechanical parameters. Yin Lin et al. explored the condition assessment of EPR cable insulation under multiple stresses by measuring the infrared spectra, elongation at break, and polarization and depolarization currents of cable insulation samples [35]. The state of the EPR cable insulation was evaluated using the aging factor obtained from isothermal relaxation currents. Lv. Z [36] studied the partial discharge characteristics of failed cable insulation based on pulse sequence analysis, and the results showed that the voltage difference of adjacent partial discharge signals could effectively assess the insulation failure state.




3.2. Analysis of Mechanical Behavior and Insulation Deterioration of Submarine Cables


3.2.1. Analysis of Torsional-Vibration of Submarine Cables


With the increasing scale of exploitation of marine resources and various offshore activities, there are increasing requirements for the safe operation of submarine power transmission cables [37]. In contrast to land-based installations, offshore wind turbines and their ancillary equipment are subjected to hydrodynamic loads from waves and currents. The friction of submarine cables can damage the insulation and the cable sheathing, causing damage to the insulation properties of the cables. Seawater corrosion and the adhesion of marine organisms can corrode the cable surface, causing deterioration of the water resistance and insulation deterioration.



Long-term fatigue movement of cables under the action of currents can cause mechanical damage to submarine cables [38,39]. Relevant studies have shown that mechanical damage is the main mode of cable damage. Severe mechanical damage can cause cable breakage, short circuit, or ground fault. After the failure of a submarine cable, its detection and repair often cost a lot of time and financial resources, so it is of great importance to study the mechanism of mechanical stress on cable damage. During lay-up and sea current scouring, submarine cables undergo different degrees of twisting, and Merino et al. modeled the twisting of submarine cables with both downward and inverse loads [40]. Jian Guo [41] took the fiber composite submarine cable as the research object and used ANSYS software to perform torsional simulation on the simplified cable model, and explored the stress changes in the structure of each layer of the cable under different torsional directions and torsional angles, which provided a reference idea for studying the mechanical properties of the submarine cable. Figure 7 shows the finite element model of the submarine cable.



Extracted from the stress distribution cloud map of the submarine cable fiber after torsion, as shown in Figure 8. As can be seen from the figure, the clockwise twisting time unit stress is smaller at both ends and larger in the middle, about 0.01 MPa; the counterclockwise twisting time unit stress is smaller at the left end, and the stress is concentrated in the middle slightly near the position of the bound end, the maximum is only 0.006 MPa, and the stress at the axial position is generally smaller than the clockwise twisting result.



A uniform torsional load with a clockwise and counterclockwise direction and an angle of 30° is applied to the left end of the submarine cable model. At the same position of the torsional angle, that is, the axial Z = 100 cm section position, is used as a typical section to draw the stress change curve of the armored steel wire and the copper conductor at the same angle of torsion. As shown in Figure 9, A and B are the stress time history curves of the armored layer reverse and clockwise torsion, respectively. C and D are the stress time history curves of the copper conductor reverse and clockwise torsion, respectively.



During the clockwise twisting process, the structural stresses show a trend of increasing and then decreasing, reaching the maximum value at 0.39 s and 0.28 s, respectively. During the counterclockwise twisting process, the structural stresses also show a trend of increasing and then decreasing, reaching the maximum value at 0.40 s and 0.30 s, respectively, while the peak value of the armored wire is larger than that of the clockwise twisting result, and the peak value of the copper conductor is the peak value of the armor wire is larger than the clockwise torsion result, and the peak value of the copper conductor is smaller than the clockwise torsion result.



The submarine cables laid on the seabed will be exposed in part due to ocean currents, tidal erosion, and other reasons and will be in a suspended span state. The overhanging section will form alternating vortex shedding behind it when the current passes through, and the submarine cable is prone to resonance and fatigue damage to the submarine cable structure when the inherent frequency of the submarine cable operation is similar or equal to the vortex shedding frequency. Therefore, it is important to study the vibration characteristics of submarine cables for the protection of submarine cables [42,43]. Yushan Feng et al. established a model of the submarine cable using SOLID 185 unit and PIPE 59 unit; and extracted data from the simulation results to obtain the stress-strain and other data of the structure of each layer, and in most cases, the vibration frequency of the submarine cable is around 50 Hz [44].




3.2.2. Study on the Deterioration Mechanism of Submarine Cables


XLPE cables are subject to a variety of stresses during service, resulting in changes in their chemical composition and physical form. The degradation of cross-linked polyethylene is irreversible and leads to its reduced life and insulation failure. After a long period of operation, the frequency of cable failure is high, leading to various operational accidents, and it is necessary to study the insulation failure state of cables in special operating environments [45]. Thermal failure is the main cause of XLPE insulation degradation, and the diagnosis of thermal cable aging can be achieved by using the parameters extracted from the dielectric spectrum using the high voltage frequency domain dielectric spectrum characteristics [46]. The presence of local defects such as micro-pores, bubbles, and protrusions of semi-conducting layers in the insulation layer can easily form electrical, thermal, and dendritic failures, leading to the degradation of cable insulation performance [47,48]. Ji Liu [49] proposes a frequency domain dielectric spectrum (FDS) test method based on an I/V conversion microcurrent acquisition device. The results of the study show that the nonlinear characteristic parameters can predict the electrical dendrite length of the cable, thus achieving an effective assessment of the cable insulation status.



When there is mechanical vibration acting on the cable during cable operation, alternating mechanical stresses are generated in its various structural layers, and under the action of long-term mechanical vibration, XLPE materials will become fatigued, causing a decrease in mechanical properties and electrical properties such as insulation resistance, which leads to insulation breakdown [50,51,52]. The heat generated by the current in the cable is difficult to distribute effectively, thermal forces are applied to each structure of the cable, and each structural layer is subjected to both temperature and mechanical vibrations during operation [53,54]. Zhenpeng Zhang [55] built a combined thermal-vibration failure test rig for XLPE cables to conduct the test, where the failure test was conducted at constant temperature and constant temperature-vibration, with the failure temperature set to 90 °C at the same time, the vibration frequency set to 100 Hz, and the aging test time to 1440 h.



	(1)

	
Mechanical property test







Tensile tests were conducted on the constant temperature-vibration samples and constant temperature samples under the aging time of 1440 h, and the results are shown in Figure 10.



Under the action of vibration load, the XLPE cable is aged, resulting in the molecular bonds of the material being shifted, and when deformation occurs, some of the molecular chains in XLPE stretch and fracture due to stress. The material hardens and is easily destroyed, and the cable specimens’ mechanical properties decline significantly.



	(2)

	
Scanning electron microscope test







The results of the original sample at the failure time of 1440 h are shown in Figure 11a, the results of the thermostatic failure are shown in Figure 11b, and the results of the thermostatic vibration are shown in Figure 11c.



Under alternating loads, the cable specimens produced a loose silver grain-like structure. In contrast to the single temperature failure, the firmness nest morphology of the specimens changed more prominently under both temperature and vibration, and the XLPE underwent aging when the molecular chains were broken, producing structures such as double bonds and side chains.



Cable insulation in the long-term operation process will occur a series of solid medium softening or melting and other morphological changes, low-molecular compounds, plasticizer volatilization, and other physical changes and chemical changes such as oxidation, electrolysis, ionization, generation of new substances, resulting in its electrical, mechanical and other properties gradually deteriorate such as conductivity and dielectric loss increase, become brittle, cracking, etc., these phenomena are collectively referred to as the aging of insulation. In practical application, cable insulation materials are often subject to the common effect of multiple aging factors at the same time, and the effect is not a simple superposition of the aging effect of various single factors. There are also interactions between them, so the aging mechanism is complex.






4. Insulation Condition Monitoring of Wind Power Cables


To ensure the safe operation of the cable, it is necessary to monitor the operating condition, which can achieve early warning of faults and reduce the losses caused by insulation faults. The current cable monitoring technology mainly includes periodic insulation monitoring, online temperature monitoring, partial discharge monitoring, and remaining life assessment. Residual life assessment is to determine whether the cable can continue to be used by calculating the dielectric loss and remaining dielectric strength of the insulation. Periodic insulation monitoring technology is carried out in the non-operating state of the cable, and its importance in judging the non-destructiveness of the cable insulation cannot be ignored, but there are limitations as the potential problems of insulation defects cannot be detected in time. Insulation monitoring is mainly divided into destructive tests for AC withstand voltage and non-destructive tests for insulation resistance, leakage current, and partial discharge detection. Figure 12 shows the partial discharge ultra-high frequency detection (UHF) method, and the principle is: GIS insulation failure is the cause of its internal electric field distortion, often accompanied by partial discharge phenomenon, resulting in pulse current, the current pulse rise time is only nanoseconds, the current pulse will excite a high-frequency electromagnetic wave, its main frequency is 0.3–3 GHz, the electromagnetic wave can be leaked from the disk insulator on the GIS, and the electromagnetic wave at the insulation gap is measured by the UHF sensor (frequency band is 0.3–3 GHz), and then the severity of partial discharge is analyzed according to the received signal strength.



Online monitoring technology can achieve continuous monitoring without cable outages and reflect the working status of the cable in actual operation. As more and more composite submarine cables are put into use, distributed fiber optic sensing technology is gradually used for online monitoring of submarine cables. Distributed sensing technology is easy to implant, has strong anti-electromagnetic interference, and has a long monitoring distance. The information of backscattered light is linked with vibration, temperature, and strain to achieve all-around condition monitoring [56]. Table 1 shows several cable online monitoring technologies.



4.1. Component Analysis Method


4.1.1. DC Component Method


Related studies have shown that the main cause of cable insulation aging is water dendrites, and when water dendrites grow into electric dendrites, insulation breakdown can cause operational accidents [57,58,59]. The DC component method is proposed based on the study of water dendrites generated during cable aging. Cables containing water dendrite defects have a core equivalent to the positive pole, a cable shield sheath and ground wire equivalent to the negative pole, and a circuit between the line core and the counter ground, where the dendritic defects form a rectification effect and a trace DC component in the leakage current. The DC component can be used as a basis for determining the presence of electrical dendrites, and the degree of deterioration is judged by the magnitude of the DC component [60].



The ground wire of the cable and the detection device is connected to accurately measure the DC component by the frequency at which the filter will work, interference signal, and other components filtered out because the original signal is small and needs to be amplified by the amplifier, through the A-D changer by analog-to-digital conversion, by the computer to analyze and process. Although the DC component method is simple to operate, the measured signal is very small, and the measurement signal is easily disturbed, so there are some limitations in its use.




4.1.2. AC Superposition Method


The AC superposition method is to superimpose an AC voltage of about 101 Hz on the cable shield and obtain a characteristic signal of 1 Hz to determine the aging degree of the cable insulation. When a voltage of two times the working frequency is applied, the cable will produce a significant characteristic current signal, and the characteristic current reaches its maximum when the superimposed voltage is 101.4 Hz. Studies have shown that this signal is only generated on cables that are deteriorating and that characteristic currents do not occur on intact cables. The AC superposition method requires an additional power supply, is not easily disturbed by external signals, the installation process of the detection device is simple and fast, and the measurement accuracy is high. This method also has certain limitations, high requirements for the superimposed power supply, inability to locate faults, lack of cases for monitoring insulation, and evaluation criteria for insulation deterioration, which are subject to subsequent research [61].





4.2. Distributed Fiber Optic Sensing Technologies


4.2.1. Phase-Sensitive Optical Time-Domain Reflection Technology (φ-OTDR)


When laser conduction in optical fibers encounters changes in refractive index caused by density inhomogeneities in non-crystalline materials, a portion of the light is scattered backward and returns to the incident end of the fiber. The attenuation power of the light through the backscattered light, especially the discontinuity feature, corresponds to a series of events occurring in the fiber optic line. The detected backscattered light power returned at various points along the length of the fiber must contain information about the loss suffered by the light as it travels along the fiber, thus allowing the attenuation of the fiber to be analyzed and determined, so this method is called the backscattering method.



The analysis of the measurement curve provides insight into the uniformity, defects, breaks, and joint coupling of the fiber. Using the phase-sensitive optical time-domain reflection technique, the attenuation of the uniform section of the fiber can be measured, the continuity of light, the location of physical defects or breaks can be checked, the loss and location of joints can be measured, and the length of the fiber can be measured. The phase-sensitive optical time-domain reflectometer can acquire the phase information of light carried by backward Rayleigh scattering in optical fibers and is suitable for sensing vibration information. The distributed fiber optic sensing system uses a narrow linewidth pulse detection light as the sensing light source; when a fiber disturbance is detected, the disturbance intensity at the disturbance location changes accordingly due to the elastic effect, causing a change in the phase information characteristics of the scattered light, and the backward scattered light with the disturbance information is passed through the optical interferometer, converting the change in optical phase to a change in optical intensity, using mediation of specific algorithms thus extracting the vibration information [62]. The online monitoring technology based on the phase-sensitive optical time-domain reflection technology is sensitive, and the data are easy to process, using the optical fibers already present in the submarine cable as sensing units, including intrusion alarm and location systems, abnormal vibration detection, etc., to avoid damage caused by ocean currents and ship anchor activities [63].




4.2.2. Raman Optical Time Domain Reflection Technique (ROTDR)


During actual operation, the temperature of the cable body changes, affecting the characteristics of the insulation [64,65]. When a cable fails, the temperature at the defect rises, and early warning of abnormal cable temperatures can prevent its long-term operation in an overheated state, and Raman optical time-domain reflection technology can measure the temperature of optical fibers in submarine cables in real time. Figure 13 shows the structure of the temperature measurement system.



Raman scattering is the frequency shift of scattered light when injected photons interact with fiber molecules, including Stokes scattered light and Anti-Stokes scattered light. Among them, Anti-Stokes is more sensitive to temperature, and the light intensity is linearly related to temperature, so Anti-Stokes can be used as a signal channel and Stokes as a comparison channel, and the ratio of the two intensities is applied to adjust the temperature, and the absolute temperature value can be calculated. When using Raman optical time domain reflection technology to monitor the cable temperature, the measurement distance can reach 60 km, and the control unit triggers the laser to generate light pulses through the coupler into the fiber; the wavelength division multiplexer separates the backscattered light into Anti-Stokes component and Stokes components after filtering the photodetector collects the characteristic signal with temperature, and finally, after filtering, the photodetector acquires the characteristic signal with temperature and finally obtains the real-time temperature.




4.2.3. Brillouin Optical Time Domain Analysis (BOTDA)


External forces can cause local stress anomalies in submarine cables, and Brillouin optical time domain analysis technology can measure and locate the temperature and strain of optical fibers in submarine cables. Backward Brillouin scattering in optical fibers is the scattering caused by the interaction of incident light with acoustic waves in the fiber, and the scattered light undergoes a frequency shift called Brillouin frequency shift [66]. Scattering can be divided into spontaneous Brillouin scattering and excited Brillouin scattering, and thus distributed fiber optic sensing techniques based on backward Brillouin scattering can be divided into optical time-domain reflectometer and optical time-domain analyzer. The optical time-domain analyzer utilizes the exciting Brillouin scattering principle, which improves the signal-to-noise ratio and enables a significant increase in monitoring distance and accuracy.



The magnitude of the Brillouin frequency shift is proportional to the speed of sound in the fiber, and both the refractive index and the speed of sound in the fiber are related to factors such as the temperature of the fiber and the stress to which it is subjected, which makes the Brillouin frequency shift vary with temperature and stress [67]. The system structure of the Brillouin light time-domain analysis technique is shown in Figure 14, where laser 1 at both ends of the fiber under test generates pump light, and laser 2 generates probe light injected into the sensing fiber. When the frequency difference between the pump light and the probe light is close to the Brillouin frequency shift of the fiber to be measured, the power of the pump light is transferred to the probe light based on the Brillouin effect, and then the Brillouin frequency shift of the fiber to be measured can be obtained by sweeping the probe light so that the strain distribution at the scattering location can be obtained according to the linear relationship between the frequency shift and the strain [68].






5. Insulation Defect Detection of Wind Power Cables


5.1. Ultrasonic Inspection Research


Defects such as air gaps, moisture, and impurities are generated during the manufacturing, installation, and operation of the cable, making a protrusion between the main insulation and the semi-conductive layer, which affects the insulation performance of the cable. The cable insulation failure is mainly caused by the aging of electric and water branches, and the insulation defects inside the cable accelerate the development of electric and water branches, thus accelerating the insulation failure. The results of condition monitoring can only reflect the overall condition of the cable, and nondestructive testing techniques can locate and image the internal defects in the material and reflect the changes in the local properties inside the main insulation [69].



Ultrasonic inspection is a non-destructive testing method. Ultrasonic parameters can characterize the structure and properties of the material and can achieve the localization and imaging of internal defects in the insulation. Its application in the condition inspection of power equipment has attracted extensive research due to various technical advantages such as low cost and ease of field inspection. A schematic representation of ultrasonic inspection is shown in Figure 15.



The ultrasonic probe generates a pulse, and the probe generates ultrasonic waves after the pulse is triggered. When the ultrasonic waves pass through the contact surface of the coupling agent and the specimen, which are two different media, part of the sound waves are refracted and enter the specimen, and at the same time, the contact surface reflects part of the ultrasonic signal to form a surface pulse wave (wave T). The refracted acoustic wave is reflected when it reaches the specimen interface, forming a bottom pulse wave (wave B), and if there is a defect in the specimen, a defect wave F will appear between wave T and wave B. The amplitude of the defect wave can be used as a basis for judging the size of the defect [70].



Ruocheng Wang et al. verified the detection capability of the ultrasonic system by creating bubbles, air gaps, and steel pin defects in the cable insulation [69]. When the ultrasonic probe is perpendicular to the cut surface of the bubble-insulation material interface, the ultrasonic probe completely receives the reflected wave with a large echo amplitude and dark imaging color. When the probe distance becomes larger, and the sound wave is not perpendicular to the interface, part of the echo is reflected, the echo amplitude is small, and the imaging color is light. Compared with bubble defects, air gap defects did not appear ripple image, indicating that the air gap defects’ acoustic impedance changes are small, according to the ultrasonic detection of the location of the calculated defects and the actual artificially created defect location relative error of only 1.6%. For the specimen stabbed into the steel needle to simulate the metal impurity defects inside the cable insulation, the imaging results show that the stress around the steel needle is the most concentrated, which is due to the compression of the needle tip on the rubber insulation material. In addition, the actual burial depth of the steel needle can be calculated. Figure 16 shows the ultrasonic detection results.




5.2. Future Outlook of Wind Power Cables Insulation Defect Detection


5.2.1. Terahertz Time-Domain Spectroscopy Systems


The current detection methods for insulation layer defects, such as voltage withstand test, insulation resistance method, partial discharge detection method, etc., require high voltage, strong current experimental environment, complex and tedious operation, high requirements for safety, and are unable to detect air gap size, shape, and other information. Traditional non-destructive testing techniques, such as infrared and ultraviolet detection, ultrasonic detection, and X-ray and other methods, have problems such as blind detection area, low sensitivity, and non-negligible impact of X-rays on the human body. In recent years, the continuous research of femtosecond laser technology has promoted the use of terahertz time-domain spectroscopy (THz-TDS) in the detection of insulation defects in power equipment. Terahertz is an electromagnetic wave with a frequency between 0.1 and 10 THz, with a wavelength between microwave and infrared waves, and contains a wealth of physical and chemical properties [71].



Terahertz waves have good penetration into dielectric materials and nonpolar substances and can detect hidden defects inside the insulation well, where a beam splitter divides the femtosecond pulse into pump light and detection light. The pump light is incident on the terahertz emitter, and the resulting terahertz pulse source is reflected by a parabolic mirror onto the sample to be measured. The terahertz pulse containing the sample information passes through a two-dimensional translational detector together with the detection light. The lock-in amplifier amplifies the electric field of the pulse’ containing the sample information and inputs it to the computer for processing. The time delay between the pump light and the detection light is adjusted by a time delay system to obtain the entire time domain waveform of the terahertz pulse. The spectral waveform of the measured sample is obtained by the Fourier transform, and the optical parameters such as dielectric constant, absorption coefficient, and refractive index of the measured sample are obtained after data analysis and processing [72]. A non-invasive detection method based on terahertz technology for onboard cable terminals of moving trains was proposed to detect whether the cable terminals contain moisture and determine the location and depth of moisture, providing a new idea for nondestructive cable inspection [73]. Figure 17 shows the terahertz imaging principle.




5.2.2. Cable Insulation Defect Detection Based on THz-TDS


Defects such as air-gap impurities inevitably appear in the cable manufacturing process, which can easily cause the concentration of electrical stress inside the insulation and lead to operational accidents, and timely detection of the implied defects can eliminate safety hazards. Shenyi Xie et al. established a multilayer loss model for XLPE cables containing air-gap defects, calculated the refractive index and dielectric constant of XLPE using THz-TDS, and obtained the size of the hidden air-gap by analyzing the THz spectral signal and THz imaging can visually observe the air-gap [74].



The cable containing air-gap defects can be equated to an XLPE-Air-XLPE three-layer structure, and the THz signal containing defective features will show waveform forward and amplitude decrease in the time domain spectrum. To prevent the loss of terahertz radiation, the sample production process must be uniform in thinness and thickness, the air gap defects are prefabricated by humans, and the imaging target area in the experiment must be within a white rectangular box. To prevent the loss of terahertz radiation, the sample production process must be uniform in thinness and thickness, the air gap defects are prefabricated by humans, and the imaging target area in the experiment must be within a white rectangular box. The sample size taken from the power cable is shown in Figure 18.



The terahertz image of the sample containing air gap defects obtained by the peak imaging method is shown in Figure 19a. The change of the amplitude of the terahertz wave after passing through the sample can be revealed by the peak imaging method, and the green region has strong terahertz transmission capability and does not contain air gap defects, while the weaker signal region reflects the presence of defects in the region, and the lower circular region is the semi-conducting layer of the sample. Based on the imaging results, it can be seen that the air gap in the insulation can be detected using THz-TDS, and terahertz imaging can locate the air gap and further identify the shape and size. Imaging based on the phase feature parameter is shown in Figure 19c,d. By selecting a fixed time node with a fixed time delay of 253 ps and 254 ps, respectively, the defects were also observed by extracting the amplitude of this node as a feature parameter. However, with different time nodes, the quality of imaging is unevenly disturbed by the background noise and inferior to the amplitude feature parameter, so an optimized phase imaging algorithm is needed to effectively filter out the background noise.



During operation, the onboard cable terminals of the rolling stock are subjected to frequent alternating hot and cold environments and continuous mechanical vibrations, and the layers of the structure exhibit different shrinkage characteristics, thus forming air gaps inside them and causing delamination of the main insulation of the cable terminals. Using terahertz detection technology, Shuaibing Li et al. achieved accurate detection of insulation delamination defects [75]. Figure 20 shows the THz frequency domain images for the imaging bands 0.348 THz and 0.476 THz. The red areas indicate delamination defects, where the terahertz wave energy and terahertz intensity are reduced in these areas due to the multiple reflections that the terahertz wave undergoes in the air gap. The defects shown in the frequency domain image are in high agreement with the defects of the actual sample in terms of location. However, because the air gap makes the terahertz waves scatter severely, there is a large error in size between the air gap shown by the frequency domain imaging results and the air gap in the actual sample.



To accurately locate the defective region of air gap delamination, the homemade samples were imaged in the time domain with maximum-peak imaging, minimum peak imaging, and peak-peak imaging, respectively, and compared with the imaging results in the frequency domain. The test results using these four imaging modes are shown in Figure 21. The time-domain imaging results are much better than the frequency-domain imaging results in achieving the characterization of the defect size, as the contours of the air gap delamination defects can be found in the figure.



The red region is the region where the moisture is located due to the strong absorption of terahertz waves by moisture or water, resulting in a weak intensity of the reflected terahertz waves. The geometry of the moist region can be reflected from different angles by the three-view of the frequency domain imaging, which is shown by the black dashed rectangle in Figure 22. In practice, the area of the imaging result is larger than the actual area due to the diffusion of moisture in the sample. To further show the diffusion of moisture inside the insulation, absorption spectral imaging, maximum-peak imaging, minimum-peak imaging, and peak-peak imaging were also performed. The imaging results are shown in Figure 23.



The yellow area and the green area are the moisture diffusion area. Absorption spectral imaging, maximum peak imaging, and minimum peak imaging can show the actual moist area and the water diffusion areas.



In general, many research teams are currently conducting a lot of research on the application of terahertz technology in the field of non-destructive testing, especially to detect hidden defects inside cable insulation. The use of terahertz technology to detect delamination and moisture in the insulation inside cables has proven to be effective. Torsion-resistant cables for offshore wind turbines are subjected to mechanical stresses such as torsion and tension while operating in a humid environment for a long time. There are few studies related to the aging process and aging mechanism of torsion-resistant cables for wind turbines. We hope that we can reveal this process with the help of terahertz detection technology.



Table 2 shows the two techniques of cable insulation defect detection and their characteristics. In the field of non-destructive testing of electrical equipment, terahertz inspection technology can be used as an important inspection tool for non-metallic insulating material equipment. It has broad application prospects for hidden defects inside cables, insulator surfaces, metal composition analysis, etc. Currently, there have been some research teams that have conducted a lot of research on the application of terahertz technology in the field of nondestructive testing, and the detection of defects inside cables with terahertz technology has been proven to be effective. However, terahertz technology is still at the stage of laboratory-level inspection and cannot be used for the online detection of defects in cables in the field. Moreover, the electromagnetic environment around the operating cable is complex, and there are metal shields and aluminum alloy sheaths in the cable, so the terahertz waves cannot pass through the metal structure, and the feasibility of detection is not guaranteed. These are the obstacles on the road of terahertz technology to detect insulation defects in electrical equipment, and continuous research is needed to solve the above problems. There are few studies related to the use of terahertz technology to detect insulation defects in wind power cables, and we hope to use terahertz detection technology to reveal the aging process and aging mechanism of torsion-resistant cables.






6. Summary


Wind power generation technology is the most mature in the field of new energy utilization, and offshore wind power represents the frontier and high point of wind power technology. In the face of a complex and changing environment, offshore wind power will bring great challenges to the normal operation of the grid when it is connected to the grid, and the transmission stability of large-scale offshore wind power has become a hot spot for research. This paper gives an overview of the characteristics and operating conditions of torsion-resistant cables and submarine cables for wind power, composes relevant research on the deterioration mechanism of cable insulation under multiple stresses, summarizes the condition monitoring and insulation defect detection techniques for wind power cables, and draws the following conclusions:




	
The cable insulation material is affected by multiple factors such as heat, oxygen, irradiation, and mechanical stress during use and will undergo degradation, cross-linking, and other aging behaviors. The insulation material aging mechanism generally has thermal oxygen aging, ozone aging, and fatigue aging due to the repeated action of mechanical stress, while aging occurs under the multiple effects of electrical and thermal stress, which is the mechanism of fatigue aging;



	
The insulation of torsion-resistant cables is subjected to long-term torsional action due to fatigue stress cracking serious. At the same time, the semi-conducting layer of which is very easy to damage, resulting in partial discharge of damaged insulation, greatly shortening the service life of the cable. For offshore wind power, the cable is subject to the impact of the environment in which the turbine is located; moisture and salt spray accelerate the deterioration of insulation performance;



	
Submarine cables are subject to mechanical stresses such as stretching, twisting, and vibration during pre-production, transportation, installation, and post-operation, which can damage the insulation structure and water resistance of submarine cables and can lead to a decrease in insulation performance, which in turn directly affects their electrical performance;



	
By monitoring the condition of the cable, defects can be found in time. Among the cable insulation condition monitoring technologies, both the DC superposition method and AC superposition method have limitations, and their application in the insulation monitoring of power equipment needs further research. Distributed fiber optic sensing technology can monitor the vibration, temperature, and external force changes of cables, especially submarine cables, in real-time to ensure the safe operation of cables;



	
The use of condition monitoring technology achieves all–around sensing of the cable operating conditions, but the monitoring results can only reflect the overall condition of the cable and cannot detect information such as air gap size and shape. In addition, it also requires high voltage, a strong current experimental environment, complex and tedious operation, and high requirements for safety.
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Figure 1. Schematic diagram of the cables used in offshore wind power generation systems. 
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Figure 2. Torsion-resistant cable for wind power generation. 






Figure 2. Torsion-resistant cable for wind power generation.



[image: Energies 16 00322 g002]







[image: Energies 16 00322 g003 550] 





Figure 3. Single core submarine cable structure diagram. Model YJQ41 12-layer single-core fiber-optic composite submarine cable structure planing surface, a 12-layer structure. 
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Figure 4. Tensile test schematic [21]. 
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Figure 5. Deformation of submarine cable cross-section at the fault surface [22]. The black curve indicates the copper conductor, the blue curve indicates the galvanized armor layer, and the red curve indicates the XLPE insulation. When a slip fault occurs, the structural deformation of each layer of the submarine cable is different, and the damage caused to it is also different. 
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Figure 6. The initial voltage of local discharge under different aging times [31]. 
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Figure 7. Finite element model of submarine cable [41]. 
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Figure 8. Stress distribution cloud of optical cell [41]. (a) Stress distribution cloud when the fiber is twisted clockwise; (b) Stress distribution cloud diagram when the fiber is twisted counterclockwise. 
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Figure 9. Submarine cable structure stress time course curve [41]. The A curve is the stress time course curve for the counterclockwise twisting of the armor layer. The B curve is the stress time course curve for the clockwise twisting of the armor layer. The C curve is the stress time course curve for the counterclockwise twisting of the copper conductor. The D curve is the stress time course curve of the copper conductor twisted clockwise. 
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Figure 10. Tensile test results of XLPE samples under 1440 h aging [55]. The black curve indicates the specimen without aging, the red curve indicates the thermal aging specimen, and the blue curve indicates the combined thermal-vibration aging specimen. The mechanical stress generated by vibration will cause the aging of XLPE, which makes the XLPE specimen less elastic and easy to be destroyed. 
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Figure 11. SEM test results of XLPE specimens aged 1440 h [55]. (a) Unaged samples; (b) single heat-aged sample; (c) combined heat-vibration aging sample. 
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Figure 12. Partial discharge UHF detection method principle. 
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Figure 13. The typical system architecture of ROTDR. 
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Figure 14. Typical system structure of BOTDA. 
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Figure 15. Principle diagram of the pulse-echo method. 
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Figure 16. Ultrasonic testing results graph [69]. (a) Bubble defect detection result; (b) Air gap defect detection result; (c) Steel needle defect detection result. 
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Figure 17. Terahertz imaging schematic. 
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Figure 18. XLPE samples for experimental use [74]. 
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Figure 19. Terahertz amplitude imaging and phase imaging [74]. (a) THz amplitude imaging; (b) physical samples; (c) Time delay t = 253 ps; (d) Time delay 254 ps. 
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Figure 20. Frequency-domain imaging for the synthetic testing sample [75]. (a–c) Three-view imaging results at 0.348 THz; (d–f) Three-view imaging results at 0.476 THz. Reprinted/adapted with permission from Ref. [75]. 2022, IEEE Transactions on Transportation Electrification. 
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Figure 21. Top-view of time-domain THz images of the testing sample under different modes [75]. (a) Absorption spectrum imaging at 0.476 THz; (b) Maximum-peak imaging; (c) Minimum-peak imaging; (d) Peak-peak imaging.At the same time, this delamination also leads to moisture intrusion, causing the insulation of the cable to deteriorate with moisture and form water dendrites. After a long period of operation, the dendrites develop and eventually lead to the breakdown of the main insulation of the cable terminals. Shuaibing Li et al. similarly used the terahertz technique to detect the moisture inside the insulation [73]. In the inspection of the samples, it was found that the results of the terahertz frequency domain spectrum test could determine the presence of moisture inside the insulation, but the region of moisture could not be determined, so terahertz imaging was used to determine the region of moisture. In their study, the imaging bands were chosen to be 0.623 THz and 1.648 THz. The imaging results of samples with different viewing angles are shown in Figure 22. 
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Figure 22. Frequency-domain imaging for artificial test samples [73]. (a–c) Three-view imaging results at 0.623 THz; (d–f) Three-view imaging results at 1.648 THz. 
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Figure 23. Terahertz images of the test sample under different imaging modes at 0.842 THz [73]. (a) Absorption spectrum imaging; (b) Maximum peak imaging; (c) Minimum peak imaging; (d) Peak-peak imaging. 
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Table 1. Cable online monitoring technology features.
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	Online Monitoring Methods
	Measurement

Parameters
	Features





	DC component method
	DC components
	Effective when containing water branches, susceptible to interference from spurious signals



	AC superposition method
	Characteristic

current
	Effective when containing water branches, high precision, strong anti-interference ability



	Partial discharge method
	Partial discharge
	Effective identification of insulation defects, the weak partial discharge signal



	Phase-sensitive optical time-domain reflection technology
	Vibration

Information
	Intrusion alarm and location, abnormal vibration detection



	Raman light time domain

reflection technology
	Cable temperature
	Early warning of abnormal cable temperature



	Brillouin optical time domain

analysis technique
	Cable strain
	Long monitoring distance and high accuracy
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Table 2. Technical characteristics of cable insulation defect detection.
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	Insulation Defect Detection Method
	Advantages
	Disadvantages





	Ultrasonic inspection technology
	1. It Is a non-destructive testing method; ultrasonic parameters can characterize the structure and properties of the material and can achieve the positioning and imaging of internal defects in insulation.

2. It has various technical advantages, such as low cost and easy on-site inspection.
	1. Need coupling agent, which limits some detection environments and applications.

2. There is a sensitivity problem for the detection of millimeter-level

defects.



	THz detection

technology
	1. It has a strong penetration ability to non-polar substances and is a non-destructive testing method with high sensitivity to millimeter-level defect detection.

2. It can detect the hidden defects existing inside the insulation material and can accurately locate defects and calculate the geometric shape information.

3. It can directly obtain the physical quantities, such as the dielectric constant and refractive index of the main insulation of the cable.
	1. Terahertz detection technology is stuck in the academic research stage and cannot be applied to the actual engineering site.

2. In practice, the cable is a multi-layer cylindrical structure, and when the thickness is large, the received THz signal is weak, and the detection result is not satisfactory.

3. Terahertz radiation cannot penetrate metal and thus cannot detect the structural integrity of the cable.
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