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The evaluation of the internal defects in high-voltage cross-linked polyethylene cables is highly crucial for the security and reliability of power transmission. Here, a terahertz (THz) frequency-modulated-continuous-wave non-destructive testing (NDT) imaging system is used to demonstrate the non-contact detection of a high-voltage cable (35 KV). Combined with linear scanning and axial rotation, the three-dimensional (3D) data of the columnar target is acquired, and a 3D perspective image is reconstructed. The correspondence between the target in the real space and image space is determined to accurately show the internal spiral structure and strand number of metal wires. The results indicate that prefabricated air and water holes in the polyethylene insulation layer can be displayed. Furthermore, feature defect signals are automatically classified and recognised by combining the principal component analysis dimension reduction method and the support vector machine classification method, which can predict abnormal defects more efficiently in mass data. These results provide technical guidance for the non-contact NDT and visual evaluation of the internal state of detected cable targets.
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INTRODUCTION
Cross-linked polyethylene (XLPE) cables are widely used [1, 2], and the associated voltage level has gradually increased from 10 kV in the early stage to more than 500 kV in recent times. However, certain quality defects exist in the body of insulated power cables, such as micropores, impurities, stress damage, and moisture. These defects gradually deteriorate under the action of an electric field, rapidly grow like branches, and range in size from microns to millimetres or more. This can induce dielectric breakdown that severely damages the insulation and causes safety risks [3–6]. The composition of the defects is different from that of the insulation, causing a contrast in physical characteristics, for example, electrical, optical or acoustical, and requiring the detection or imaging of these faults. With appropriate imaging techniques, the size, shape, and location of defects in the insulation layer can be detected and visually displayed. In 1980, C. Laurent [7] et al evaluated the growth of electrical trees in polyethylene by the simultaneous measurement of luminous imaging and partial discharges. The specimens were made of low-density polyethylene, which was compressed and moulded into blocks to observe the growth of defects. Ultrasound imaging is also used for the inspection of insulation [8, 9]. Ultrasound synthetic aperture imaging can successfully detect 1-mm-size faults within the XLPE insulation of a cable [10]. While in a typical ultrasound system configuration, an ultrasound transducer is usually submerged in water or a contact probe is used together with an ultrasound couplant. X-ray imaging is a non-contact detection technique with high resolution, which can show particle contamination in the insulation shielding and damages to the inner conductor [11]. X-ray computed tomography (XCT) can reveal electrical trees, providing a three-dimensional (3D) view and therefore, a more complete representation of the phenomenon can be achieved [12]. This method requires an experimental environment with strong radiation during the detection, and the safety requirements are higher. In addition, detecting the layered air gap defects is difficult.
THz non-destructive imaging technology with characteristics such as low single photon energy and high penetration into most non-polar materials is well suited for non-contact information acquisition to achieve 3D imaging with sub-millimetre spatial resolution and microns depth resolution inside the target and has attracted considerable attention from the industry in recent years. There are mainly two technical routes. One is based on broadband pulsed THz signals, such as THz time-domain spectroscopy (TDS) imaging, and the other is based on continuous wave (CW) signals, including single-frequency CW and broadband frequency-modulated continuous-wave (FMCW) imaging. In 1995, Hu et al. [13] combined a THz TDS system and a two-dimensional (2D) scanning device to achieve point-by-point raster-scanning pulsed THz 2D imaging to identify the integrated semiconductor in a plastic package. In 2005, Karpowicz et al. [14] built a THz CW scanning imaging system using a 200 GHz Gunn diode and a Schottky detector to detect debonding defects in adiabatic foam materials for analysing the cause of the Columbia Space Shuttle crash, which led to the designation of THz non-destructive testing (NDT) technology as a mandatory inspection tool for spacecrafts by the National Aeronautics and Space Administration (NASA). Although it is not 3D imaging, it marked the beginning of THz technology moving toward practical applications. In 2006, Zhang et al. [15] successfully built a THz TDS imaging system based on InAs crystal emission and ZnTe crystal electro-optical sampling detection to obtain THz transmission images of the internal kernels of sunflower seeds, while validating various image reconstruction methods. In 2009, Quast et al. [16] developed an FMCW radar system with a centre frequency at 300 GHz using solid-state electronics, combined with a 2D scanning device and two lenses to achieve close-range focused reflection imaging, which can obtain the interface information of multilayer structure samples. In 2015, Zhang et al. [17] used an FMCW imaging system to detect the delamination state of oil paint layers. In 2017, Friederich et al. [18] developed a 3D THz imaging system for defect detection during the radome manufacturing process. The system combines two CW sensing units, which can operate in adjacent frequency ranges of 70–110 GHz and 110–170 GHz. It can further improve the depth resolution by combining data from both frequency bands. In 2020, Shen et al. [19] implemented a low-cost 76–81 GHz FMCW imaging system with a fast measurement rate of 40,000 waveforms per second.
With the development of THz systems, it is possible to explore how to test the quality defects in cables. In 2011, Sato R et al. [20] carried out the possibility of detection of water trees grown in a model sample using THz imaging. Distribution of water trees grown from the surface of a polymer or those present in an underneath polymer were successfully imaged at frequencies from 0.01 to 1.0 THz. In 2012, Komatsu et al. [21] investigated the possibility of nondestructive diagnosis of corrosion on a metallic shielding layer in a power cable by TDS 2D imaging. When the metallic plate is corroded to form either basic copper carbonate or copper chloride, the intensity of reflected wave becomes lower than when the plate is uncorroded. In 2014, Takahashi et al. [22] detected the insulated copper cables with artificially introduced damage using a reflective CW THz imaging system with 0.14 THz. The wires in the polyethylene with 2 mm thickness covered cable were clearly visible in THz 2D imaging, and gaps in individual copper wires could also be detected. In 2017, Yan et al. [23] demonstrated that the aging degree of XLPE can be obtained by measuring its permittivity and absorption coefficient by THz TDS system. In 2020, Lee et al. [24] demonstrated that artificial void defects with 0.5 mm diameter located inside XLPE plates for power cable insulation can be detected using a optical heterodyning CW–THz imaging system with transmission geometry. In 2020, Yang et al. [25] examined a standard parallel plate polyethylene material using THz TDS imaging with transmission measurement and detected gas seams in insulated polyethylene. In 2021, Li et al. [26] designed an artificial model of a three-layer structure based on the actual cable terminal of the electric multiple units, on which the insulation damp test is carried out. The results of THz A-scan and C-scan imaging can accurately identify the location and geometry of the insulation affected by the moisture, and verifies the feasibility of THz TDS technology in inspecting the moisture dampness. To sum up, THz technique is capable of non-contact and non-destructive observation of the information inside insulated polyethylene, which is of great help in controlling the quality of the cable.
In this study, a self-developed reflective THz NDT imaging system is used to evaluate 35 kV high-voltage cable joints, taking advantage of the high reflection characteristics of the metal conductors in the cable. The 3D data can be obtained in the column coordinates and a full-view perspective THz imaging can be reconstructed use it. The THz imaging can visually depict the 3D internal structure of the cable and corresponds well to the real object. The machine-learning method can be employed to improve the defect recognition efficiency and perform automatic recognition. This helps to visually assess the internal state of the inspected target, presenting a novel fashion for the NDT of cable quality and reliability control. In addition, the system uses all-solid-state devices. With the rapid development of devices towards miniaturisation, high power, and large bandwidth, detection imaging capabilities and portability can still be improved, to better meet the needs of NDT in the industrial field.
EXPERIMENTAL SETUP
The ideal FMCW system is shown in Figure 1A. When the received THz wave and the local oscillation (LO) sweep the frequency linearly in time, the output intermediate frequency (IF) from the harmonic mixer is proportional to the time delay, and the distance between the transmitting unit and target is measured by the frequency component of the IF signal. The THz FMCW signal can be expressed as
[image: image]
where [image: image] is the carrier frequency, [image: image] is the time variable within the pulse repetition interval, and [image: image] is the FM rate, which is equal to the ratio between bandwidth [image: image] and interval [image: image]. When the target at distance R is an ideal stationary single plane, the signal is reflected by the target, and the time delay for the echo to reach the mixer is [image: image]. Its initial phase is the same as that of the low-frequency LO signal. The received THz signal can be expressed as [image: image]:
[image: image]
where [image: image] is the echo delay, the relationship between the echo delay and the distance from the target interface is [image: image], and c is the electromagnetic wave propagation speed.
[image: Figure 1]FIGURE 1 | (A) Functional diagram of the system; (B) Physical view of the system; (C) Intensity distribution of the THz wave focus plane; and (D) System architecture.
After the harmonic mixing of the LO signal and the received THz wave signal in the mixer is performed, the IF signal can be expressed as [image: image]:
[image: image]
The derivation of the phase of the differential signal yields the corresponding differential beat frequency as
[image: image]
For a stationary target, the frequency of the differential beat signal is only related to the distance and FM slope. The relationship between the target distance, R, and the differential beat frequency, [image: image], can be obtained as
[image: image]
Usually, the FM slope, [image: image], and the speed of light, c, are constant. Therefore, only frequency [image: image] of the differential beat signal is required to calculate the distance to the target at different locations. For multilayer targets, when the effect of multiple reflections between layers is not considered, the resolution of two adjacent interfaces can be expressed as [image: image] , which is determined based on the signal bandwidth.
Figure 1B shows a photograph of the system, and Figure 1D shows a system functional structure diagram. The system comprises a broadband THz transceiver, an optical collimated focusing lens group and a set of scanning stages for 3D imaging. The sawtooth wave modulation power supply drives a voltage-controlled oscillator (VCO) to generate a broadband low-frequency LO signal of 9.375–13.75 GHz within a 120 µs FM cycle, which is then split into two parts by a power splitter. One part is connected to a 24 times frequency multiplier chain and a directional coupler, and subsequently the signal with the effective bandwidth from 0.225 to 0.330 THz is transmitted to free space through a broadband corrugated horn antenna. The output broadband THz signal, after beam modulation, is collimated and focused vertically on the target being tested. A lens group consisting of 2 THz lenses is used as the modulation device. The echo signal back-scattered by the target surface and different internal interfaces and defects is returned in the original way and coupled by the directional coupler to the signal input of the harmonic mixer. The other part of the low-frequency signal is connected directly to another input of the mixer as LO. The IF signal output from the mixer is filtered, amplified, and collected. The acquisition card is kept in sync with the sawtooth wave power supply. The method using a directional coupler and a single antenna combined with a lens set is conducive for the miniaturisation of the system and more flexible in practical application. When further combined with multi-dimensional scanning devices, the system can also be used to perform target scanning and imaging.
The object to be measured is usually located near the focus of the beam, and the spatial distribution of the electromagnetic waves during scanning and imaging has a strong influence on the actual imaging quality. The AlGaN/GaN-HEMT THz wave detector is placed at the focus point position, and the detector is placed on a 3D scanning frame, through which the intensity distribution of the beam can be accurately obtained. Figure 1C shows the focal plane light intensity distribution of the system, which is approximately a Gaussian distribution to ensure that the spatial resolution of the imaging is close to the diffraction limit.
After the beam quality is optimised, the resolution of the system in the depth direction is determined by the FM bandwidth. The ideal FMCW system is linearly tuned. However, ideal linear devices do not exist, and all system devices contain nonlinearity which can lead to the phase defocusing of the swept system, resulting in reduced depth resolution. THz broadband devices, especially electronic devices such as frequency multipliers and harmonic mixers in the system, have strong group delay jitter [27–29], and their nonlinearity cannot be ignored [30]. These nonlinearities extend the well-focused spectral response of the target to different frequencies, leading to negative effects such as reduced distance resolution, loss of signal-to-noise ratio, elevated side flaps, and main flap asymmetry. Based on [31, 32], we use the phase correction method, which can effectively improve the effects of the system nonlinear effects.
The standard step sample was first tested. The system was connected to a 2D scanning device, and the 3D printed ABS material step sample, as shown in Figure 2A, was scanned with a flat surface (front surface) on one side and a step surface (rear surface) on the other side. The front surface was set as the zero point in the depth direction. The points A1–A8 in Figure 2A corresponded to different thickness positions, where A1 and A8 had the same and maximum thickness, A7 had the smallest thickness, which is 4 mm, and the remaining points corresponded to thickness variations of 2 mm in order, with thickness values of 4 (A7), 6 (A6), 8 (A5), 10 (A4), 12 (A3), 14 (A2), and 16 (A1, A8) mm. The refractive index of the ABS material at 275 GHz was approximated as 1.56. Figure 2B shows the one-dimensional (1D) echo images before and after calibration at point A7. Figure 2C shows the front and rear interface echo images of the dielectric material at points A1-A8. The positions of the front surface echoes of all points almost overlapped, and there was a data acquisition error of 1 data point in the raw data. The post-interface echoes appeared sequentially according to different thickness variations, with black curves for points A1 and A8. The A3-A7 echo positions and amplitudes vary accordingly in equal proportions. Correspondingly, the B-scan image was shown in Figure 2D. A 3D image of the sample was further displayed, as shown in Figure 2E.
[image: Figure 2]FIGURE 2 | ABS sample: (A) photograph; (B) profile of A7 before and after calibration; (C) profiles of A1–A8; (D) B-scan image; (E) 3D image.
RESULT AND DISCUSSION
The differences in the raw materials and production processes, as well as long-term high-voltage loads and complex environmental conditions cause damage and degradation of materials and structures, internal defects, and potential safety hazards. Figure 3A depicts a high-voltage cable (35 kV) end after the sealing silicone rubber is removed; the tin foil simulates a metal shield. Usually in practical applications, no metal shield layer is present at the end of the cable (only an insulating layer and a wrapped conductor core are present), and the outermost part is the sealing silicone rubber. As shown in Figure 3B, the XLPE insulation has an outer diameter of 31.2 mm, a radial thickness of 11 mm, and a refractive index of 1.55. Two holes were prefabricated in the polyethylene insulation with a diameter of approximately 3 mm, among which, one hole was filled with water at a depth of approximately 20 mm, and the other hole was filled with air only at a depth of approximately 19 mm. The conductor core had seven copper conductors with a plum-shaped cross-section and an outer diameter of approximately 9.2 mm. The diameter of a single strand was approximately 3 mm. The other seven conductors were wound together in an overall spiral structure, as shown in Figure 3C.
[image: Figure 3]FIGURE 3 | Cable sample. (A) Lateral view; (B) vertical view; (C) structure of the cable conductor core.
The cable under test was placed on an electrically controlled rotary table with the rotation axis of the cable column surface coaxial to the rotation axis of the electrically controlled rotary table. The THz signal was irradiated perpendicular to the rotation axis onto the sample surface, transmitted to the sample interior, and reflected by the internal conductor clusters. The echoes returned from the different interfaces were recorded for signal analysis and image reconstruction. The position was adjusted so that the focusing plane of the THz signal was close to the internal metal reflecting surface. The motorised rotary stage and acquisition of the THz signals were controlled so that 256 sweeps were acquired at each irradiation position and averaged. Subsequently, the electronically controlled rotary stage was rotated by 1°. After one rotation, the sample and electronically controlled turntable rose as a whole by 1 mm. When the desired test range is covered, a three-dimensional data cube of the sample can be obtained.
Figure 4A shows the C-scan image corresponding to the position of the outer surface of the cable. The horizontal coordinates represent the angle values of the rotation, and the vertical coordinates represent the height of the cable. The upper part of the image indicates air, and the lower red area indicates a layer of metal shield wrapped around the outer surface of the polyethylene insulation, with a contour consistent with the real sample and a missing corner at 180–210°, corresponding to the photo in Figure 3A. The metal shield reflected the THz waves directly and almost coincided with the interface of the outer surface of the XLPE insulation. The image of the area in the middle section shows that the reflectivity of the metal shield material was much greater than that of the XLPE material. Figure 4B shows a C-scan image corresponding to the location of the metal conductor core interface. The reflective surface imaging of the wire clusters shows concave and convex changes, resulting in a periodic variation in the reflected signal with the rotation angle. The signal reflected by the convex position was relatively strong, and relatively weak signals were reflected at the concave locations between the wires. There was a certain degree of deformation of the cable column, the rotation centre of the rotary table and the axis of the cable column were not completely coincident, and the thickness of the insulating material was not absolutely uniform, resulting in a certain distortion of the echo reflected back from the metal conductor. Nevertheless, the presence of six wires inside the conductor, as well as the spiral structure, could still be clearly observed. Two regions with very weak reflected signals were observed for 1) angles ranging between 0–25° and 355–360° and for the height range of 10–30 mm, as well as for 2) angles ranging between 90 and 120° and heights ranging between 10 and 29 mm. The weak echo signals in these two regions are caused by prefabricated holes in the insulating material. The incident THz signal was redirected by the spatial structure formed by the columnar holes, preventing the signal from reaching the surface of the conductor core, or the signal was not picked up by the detection device after it arrived and was reflected. Corresponding to the depth position in Figure 3B, when the depth reaches the prefabricated holes, scattered echoes can be observed in regions A and B in Figure 4B, as shown in Figure 4C. The interface of the hole created scattered echoes, and the effects of the water or air filled inside on the THz wave transmission were different, with region A corresponding to the water-filled hole structure and exhibiting a stronger scattered echo signal and region B corresponding to the air-filled hole with a weaker scattered echo signal relative to region A. This suggests that defects on the signal transmission path can be indirectly analysed by using the transmission of THz signals.
[image: Figure 4]FIGURE 4 | THz C-scan images. (A) Outer surface of the cable; (B) interface of the conductor core; (C) depth position of holes.
To observe the effect of the hole structure on the THz wave transmission in more detail, the one-dimensional (1D) A-scan distance images of points a, b, c, d, e, f, g, and h shown in Figure 4C were taken, corresponding to different locations, with heights of 15, 25, 45, and 55 mm and angles of 7° and 94°, respectively. Figure 5A is the 1D distance image of the original data at these positions. The strong reflection signal of the metal shielding layer corresponding to points g and h is approximately 5 times the reflection intensity of the outer surface of the insulating layer, which is in line with Fresnel’s law. In addition, no holes are present in the insulation layer at points e and f. The THz signal was equivalent to propagation in a homogeneous medium, and the signal returned upon reaching the metal conductor was stronger. In contrast, at points a, b, c, and d, the THz signal transmission passed through holes, except for a part of the signal forming a scattered echo, and the other part of the signal reached the metal conductor, reflecting and then passing through the cavity again to be detected. As points a and c corresponded to water hole, where the THz signal could barely pass through 3 mm of water, the signal could not continue to propagate, whereas points b and d corresponded to air hole, where the THz signal could continue to propagate to the metal wire interface and be detected after being reflected, despite high losses. In the actual transmission process, the structure of the air hole will also have a great influence on the transmission of the signal, which is equivalent to a negative lens. It can change the direction of the signal transmission, making the identification of echoes more difficult. In contrast, there were much more pronounced echoes on the metal interface at points e and f.
[image: Figure 5]FIGURE 5 | THz A-scan images of depth direction at different positions. (A) Raw data. (B) Normalised data.
Although not easily observed in raw data, the transmission characteristics of the scattered echo signals can be highlighted by normalising the signals, as shown in Figure 5B. After normalisation, the relative energies of the scattered echoes corresponding to the cavity locations at points a, b, c, and d were highlighted. The echo energy at the metal wire interface could also be identified, with those at points a, b, and c remaining small, although the reflection peak at point d became more pronounced at those locations. Despite the complex transmission process being influenced by the fine structure of the sample and the homogeneity of the material, the choice of the relative threshold helps to segment the different signal features.
To further identify the signal characteristics, the height values of 15, 25, 45, and 55 mm were still taken to construct the B-scan images of angle and depth positions, including the Cartesian and column coordinates. The image composed of cylindrical coordinates has better contrast with the spatial size of the real object, as shown in Figure 6. At height positions of 15 and 25 mm, the angle positions corresponded to the water hole in the insulation layer when the ranges were 355–360° and 0–25° and corresponded to the air hole with angles ranging between 90 and 120°. The effects of water hole and air hole on the transmission of the THz signals are different. Water absorbs THz signals very strongly, making it difficult for the signal to pass through the water holes, and the reflection at the interface between the water and insulation layer is stronger. The air holes partially permit signal transmission, and the THz signal undergoes multiple transmissions in the air hole, making the characteristics of the scattered echoes at ha more complex. As depicted in Figures 6A,B, the depth-dimensional signal at water hole contains the surface echo of the insulation layer and the scattered echoes of the water hole. The signal at the air hole similarly includes the surface echoes of the insulation layer, the air hole echoes, and the echoes of the metal conductor core interface. The characteristics of the scattered echoes of the air hole are more diversified. As displayed in Figure 6C, at the height position of 45 mm, no hole defects are observed in the insulation layer, and the signal characteristics are mainly shown as reflected echoes from the front surface of the insulation layer and the metal conductor core. As presented in Figure 6D, at the height position of 55 mm, only the reflected signal from the metal shield can be observed, and at angles of 180–210°, the metal shield is not covered, and the THz signal can penetrate the insulation layer to reach the metal conductor interface.
[image: Figure 6]FIGURE 6 | THz B-scan images at different height positions in Cartesian and column coordinates. (A) 15 mm; (B) 25 mm; (C) 45 mm; (D) 55 mm.
Therefore, as shown in Figure 7A, in the height range of 12–28 mm and the angle range of 1–20°, in the water hole position range, the signal characteristics of the A-scan image in the depth direction are similar, and they are consistent with the physical structure characteristics of the specimen in this area. Similarly, as shown in Figure 7B, at heights ranging between 12 and 28 mm, angles ranging between 95 and 112°, and the air hole position, the signal characteristics of the A-scan image in the depth direction is consistent with the physical structure characteristics of the air hole. At heights ranging between 35 and 48 mm and angles ranging between 1 and 360°, there are no air holes in the insulation, and the signal features highlight the interface between the front of the insulation and the metal conductor core, as shown in Figure 7C. At heights ranging between 12 and 28 mm and angles ranging between 130 and 350° as well, there are no air holes in the insulation layer, and the signal characteristics are consistent with the signal special in Figure 7C, as shown in Figure 7D. This also indicates that when there are air or water hole defects in the insulation layer, the signal characteristics will be different from those in the absence of defects, which provides a physical model reference for detecting and identifying the presence of defects.
[image: Figure 7]FIGURE 7 | A-scan signal characteristics in different height and angle ranges. (A) Height: 12–28 mm, angle: 1–20°; (B) Height: 12–28 mm, angle: 95–112°; (C) Height: 35–48 mm, angle: 1–360°; (D) Height: 12–28 mm, angle: 130–350°.
After confirming the signal characteristics, the profile data corresponding to all height positions are reconstructed to map the 3D morphology of the cable structure. For the strongly reflected signals of the metal shield and metal conductor core, the 3D reconstruction is performed using the original data, as shown in Figure 8. Setting a higher threshold value can highlight the metal shield and wire structure, as shown in Figure 8A. The appropriate adjustment of the threshold value can show the morphology of the outer surface of the insulation material, and the overall structure presented is in good agreement with the physical structure dimensions of the cable, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | 3D THz images of the reconstructed high-voltage cable at different thresholds. (A) 4; (B) 3.
The normalised data is used for three-dimensional reconstruction, and a reasonable threshold is set. The results are shown in Figure 9. Although there are still some peculiar noises, the three-dimensional morphologies of the water holes and air holes in the insulating layer can be well identified under different viewing angles. The image morphology due to the water holes is directly observed in Figure 9A, and the image morphology due to the air holes is observed in Figure 9B, which visualises the effect of anomalous defects in the insulation layer on the THz transmission and facilitates the evaluation of the cable quality.
[image: Figure 9]FIGURE 9 | Reconstructed 3D THz images of the high-voltage cable from different perspectives. (A) Oblique view for the water hole; (B) oblique view for the air hole.
Furthermore, the automatic recognition of signal features was demonstrated by the PCA-SVM method [33–35]. All the data were set as a test set with a height range from 1 to 57 mm and angle range from 1 to 360°. First, PCA was used to reduce the dimensionality of the measured dataset. This can significantly save computation and almost has no loss of data reliability. The contribution rates of each principal component are listed in Table 1. The contribution rate of the principal component refers to the proportion of variance of the principal component in the total variance of the data. As shown in Figure 4 and Figure 7, the dataset can be roughly divided into five categories: air background, water hole, air hole, defection-free zone, and metal shield zone. A part of the signal from these five types of data zones is selected as a standard feature dataset and is trained to build signal feature models. The training sets are listed in Table 2.
TABLE 1 | Contribution rate of each principal component.
[image: Table 1]TABLE 2 | Range of training set.
[image: Table 2]The first four, five, six, and seven principal component features were used as data inputs, and the cumulative variance contribution rates were 77.2485%, 84.3089%, 88.2334%, and 90.3776%, respectively. The feature models were established using the SVM method with five types of features for training. The entire dataset is then predicted. The distribution of the classification eigenvalues for the different cumulative variance contribution rates are shown in Figures 10A–D, and consistent with the physical characteristics of actual specimens. The tomographic images are also in good agreement with the actual specimens but contained more interference information, which is shown in Figure 4C. The characteristic value distribution imaging obtained by the PCA-SVM method is more obvious and intuitive. In Figure 10A the X zones are identified as the air background and water holes; the Y zones are identified as the metal shield and water holes; the Z zones are indntified as the metal shield. In Figure 10B, they are identified as the air hole and a few water holes, a few metal shield and water holes, and a few metal shield. In Figure 10C, they are identified as the air hole and fewer water holes, fewer metal shield and water holes, and fewer metal shield. In Figure 10D, they are identified as the air hole and fewer water holes, only water holes, and defection-free. Compared with Figures 10A–D are more consistent with the physical characteristics. This indicates that a higher contribution rate of the cumulative variance results in a more reliable prediction result. Figures 10C,D are basically consistent and indicate that when the cumulative variance contribution rate reaches a certain value, the prediction results tend to be stable. Although there are still some singularities in classification recognition, it has played a significant role in early warning when facing the feature identification task of massive data. Combined with the corresponding 3D imaging shown in Figure 9, it can yield a more reliable conclusion. This allows human experts to efficiently focus on signal analysis that is difficult for machines to evaluate automatically, which helps improve the efficiency and reliability of the result analysis.
[image: Figure 10]FIGURE 10 | Distribution imaging of classification eigenvalues for different cumulative variance contribution rates. (A) 77.2485%; (B) 84.3089%; (C) 88.2334%; (D) 90.3776%.
CONCLUSION
We demonstrated that THz 3D NDT imaging technology can be applied to the detection of the internal structure of a high-voltage cable. The combination of machine learning classification with 3D imaging will improve the efficiency and reliability of automatic defect recognition. The results show a good application prospect. The FMCW system usually has lower imaging resolution than TDS system, but it is more suitable for using in field conditions. The system uses all-solid-state devices, so it is easier to achieve portability; The operating frequency range is 225–330 GHz, so it is less affected by atmospheric environment. With the development of more miniaturized, high-power, bandwidth FM transceiver devices, more integrated and portable equipment will not only be able to better meet the needs of actual cable testing application scenarios, but also can be extended to many other non-destructive testing applications.
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