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Abstract

:

The time–frequency-domain reflection method (TFDR) based on the Wigner–Ville distribution (WVD) is confronted with the problem of cross-term interference in existing methods to locate power cable defects. Therefore, a new method of locating cable defects based on Gaussian narrow-band envelope signals and the S-transform is proposed in this paper. In this method, the wide-band cable transfer function is obtained by adjusting the parameters of the Gaussian narrow-band envelope signal because the Gaussian narrow-band envelope signal has a good frequency-adjusting ability and time–frequency characteristics. Then, the time–frequency of the cable signal is transformed by the generalized S-transform, and the time delay of the modular matrix of the transformation matrix is estimated by the generalized cross-correlation algorithm to complete the accurate detection of the cable defect’s location. Compared with traditional methods, the proposed method can adaptively adjust the analysis time width according to the frequency change and provide intuitive time–frequency characteristics without cross-term interference. Finally, the effectiveness and practicability of the proposed method are verified in MATLAB 2017_a by simulating a 40 m/10 kV medium-voltage power cable and submarine cable with a length of 32 km.
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1. Introduction


XLPE cables have a high operational reliability as a result of their excellent electrical and mechanical properties and they are widely used in urban underground power grids, cross-sea transmission, offshore wind power and other long-distance power transmission fields [1,2]. Due to the complex operating environment and working conditions, as the service time increases, the local position performance of the cable may deteriorate and defects may occur, which may lead to the failure of the cable system in serious cases [3,4]. Once systemic failure occurs, this will lead to huge economic losses and social effects. So, it is of great significance to quickly and accurately locate long-distance cable faults or defects and evaluate their insulation performance [5,6].



Defects in a cable will cause changes in its physical structure, which will lead to changes in the local characteristic impedance, resulting in impedance mismatch and thus in reflected waves carrying fault/defect characteristic information at the impedance mismatch point during traveling wave transmission [7,8]. Scholars in various countries have located and evaluated cable faults/defects based on the study of the reflection characteristics of traveling waves at the impedance mismatch point [9].



Among the popular defect detection technologies, time-domain reflectometry (TDR) [9,10] is a common method to detect, locate, and diagnose cable faults. Cable fault/defect identification and evaluation can be realized by detecting and analyzing the reflected signal characteristics generated by the uni-polar low-voltage pulse signal injected from the test terminal at the impedance mismatch point [10]. However, it is difficult to locate and identify the impedance mismatch points of long cables because the high-frequency component of the injected pulse signal in TDR is reduced and is easily affected by dispersion and noise signals. Given the shortcomings of TDR, some scholars have begun to study frequency-domain reflection (FDR) technology [11,12,13,14,15], which tests and analyzes the reflected signal characteristics generated by the linear sweep signal injected from the terminal to the impedance discontinuity point to locate the cable defect. Broadband impedance spectroscopy (BIS) has been proposed to locate cable defects with the help of integral transformations, and achieves good positioning and evaluation effects [16]. However, this method requires the original data of the power cable before it is put into operation, and the engineering implementation is complicated. In ref. [17], characteristic time-domain waveform recovery technology is proposed based on the frequency-domain reflection method to achieve calculation of the characteristic time-domain waveform recovery, and then the impedance change at the cable impedance mismatch point is determined to identify the fault type. Although this method can identify the impedance changes in short cables well because the test frequency is affected by the actual test equipment and cable length, effective test frequency band data account for a relatively small proportion of the total, resulting in the distortion of the recovery waveform in the feature time domain and making it difficult to judge its polarity [18]. The time–frequency-domain reflectometry (TFDR) method extracts the advantages of FDR and TDR in defect detection and has been widely used in defect detection in power cables [19,20,21]. However, traditional TFDR uses the Wigner–Ville distribution (WVD) to process the reflected signals of power cables, which results in cross-term interference in the positioning spectrum produced via TFDR [22]. Although the pseudo-Wigner–Ville distribution (PWVD) [23] and the smooth pseudo-Wigner distribution (SPWVD) [24] have been proposed in the literature to reduce the cross-term interference, the cross-term interference still exists in actual tests.



This paper presents a method of cable defect detection based on the S-transform. In this method, by adjusting the frequency band of the Gaussian narrowband envelope signal, a cable transfer function (CTF) with a wider band is collected, and the effective information of the transfer function is improved. Then, the time–frequency transformation of the output signal of the cable is carried out by the S-transform, which can adaptively adjust the window function, and the delay estimation of the modular matrix of the transformation matrix is combined with the generalized cross-correlation algorithm to further locate cable defects. Finally, the proposed method is compared with the WVD, and the validity of the proposed method is verified by simulating a defective cable model with a length of 800 m. At the same time, a 40 m/10 kV medium-voltage cable with defects is measured and analyzed, and the practicability of the proposed method is verified.



This paper is organized as follows. The principle of defect location is introduced in Section 2. In Section 3, the detailed steps for estimating CTF parameters via the S-transform are derived. The feasibility and effectiveness of the proposed method are verified in Section 4 and Section 5. Conclusions about the work are drawn in Section 6.




2. Medium-Voltage Cable Model and Principle of Locating Defects


Medium-voltage cables can be seen as a transmission line model, that is, a network along with a distributed parameter described by electrical parameters. According to transmission line theory [25], when the cable length is much larger than the signal wavelength, the power cable can be represented by a distributed parameter model, as shown in Figure 1.



In Figure 1, Δx is the unit length of the cable. The resistance R and inductance L per unit length can be approximated as


        R =  1  2 π       ω  μ 0   2       1   r c       ρ c    +  1   r s       ρ s            L =    μ 0    2 π   ln    r s     r c    +  1  4 π       2  μ 0   ω       1   r c       ρ c    +  1   r s       ρ s             



(1)




where ω = 2πf is the angular frequency of the test signal, f is the frequency of the test signal, rc and rs are the core radius and the inner radius of the shield layer, respectively, and ρc and ρs are the resistivity of cable core and shield layer, respectively. The conductance G and capacitance C per unit length can be expressed as


        G =   2 π σ   ln      r s   /   r c              C =   2 π ε   ln      r s   /   r c               



(2)




where μ0 is the vacuum permeability and σ and ε are the electrical conductivity and dielectric constant, respectively. According to transmission line theory, the transfer function Γ(ω) of a lossless cable of length l is expressed as


  Γ ( ω ) =    Z L  −  Z 0     Z L  −  Z 0     e  - 2 r ( ω ) l    



(3)




where Z0 is the characteristic impedance of the cable body, ZL is the load impedance at the terminal of the cable, and r(ω) is the propagation coefficient of the signal in the cable, as shown in (4).


         Z 0  ( ω ) =     R + j ω L   G + j ω C           r ( ω ) =   ( R + j ω L ) ( G + j ω C )          



(4)







r(ω) can also be expressed as


  r ( ω ) = α ( ω ) + j β ( ω )  



(5)




where α(ω) is the attenuation coefficient and β(ω) is the phase coefficient, which can be further expressed as


  β ( ω ) =  ω v  =   2 π f  v   



(6)




where v is the propagation speed of electromagnetic waves in the cable. When the frequency of the test signal changes, the capacitance and inductance parameter values of the unit length of the cable will change to different degrees, resulting in slightly different wave velocities at different frequencies, that is, the dispersion phenomenon, in the cable. Figure 2 shows the wave velocities of the test signals at different frequencies in a copper axis cable.



As can be seen from Figure 2, although v increases as the frequency of the test signal increases, it eventually becomes saturated and the wave speed v stabilizes at 168 m/μs. When the end of the cable is open (ZL = ∞), (3) can be rewritten as


  Γ ( ω ) =  e  - 2 r ( ω ) l    



(7)




then, Euler’s formula is used to expand (7) to obtain


  Γ ( ω ) =  e  - 2 α ( ω ) l     cos ( 2 β ( ω ) l ) + j sin ( 2 β ( ω ) l )    



(8)







In this paper, the real part of the reflection coefficient Γ(ω) is taken for analysis:


    Re   Γ ( ω )     =  e  - 2 α ( ω ) l   cos ( 2 β ( ω ) l )      =  e  - 2 α ( ω ) l   cos ( 2 π   2 l  v  f )    



(9)







As can be seen from (9), if the frequency f is taken as the independent variable, an equivalent frequency of 2l/v will appear in the real part   Re   Γ ( ω )     of the reflection coefficient of a cable with length l. Therefore, a defect in the cable at l can be located by finding the equivalent frequency corresponding to the maximum distortion peak of the spectrum of the real part of the reflection coefficient. Similarly, when there is a defect in the cable at x, a new resonant signal with frequency fx = 2l/v is generated, and the defect is located through the following formula:


  x =  1 2   f x  v  



(10)







As can be seen from (10), from a physical sense, fx can be regarded as a time parameter, and is a key parameter for locating cable defects.




3. Equivalent Frequency Estimation Based on Gaussian Narrow-Band Envelope Signals and the S-Transform


3.1. Gaussian Narrow-Band Envelope Signals


It is pointed out in [26] that the energy of the test signal in the propagation process is an exponential function of the frequency of the test signal (the higher the frequency, the more significant the energy attenuation). Thus, the selection of test signals is very important. Gaussian envelope signals not only retain the pulse property of Gaussian signals in traditional TDR, but also extend their frequency band range, so that they have the advantage of a tunable frequency band compared with those in FDR. Thus, the linear frequency-adjustable Gaussian envelope signal is selected as the test signal in this paper, and its expression is shown as follows:


  g ( t ) =  g a   e  -     ( t -  g b  )  2    2  g c 2      cos [ ( 2 π  f m  +  g d  ( t -  g b  ) ) ( t -  g b  ) ]      



(11)




where ga is the amplitude factor, gb is the time factor to ensure that g(t) has the highest main lobe at the center of time, gc is the pulse width factor that determines the resolution in the time domain, gd is a frequency modulation factor, which can adjust any signal frequency band according to the requirements of the test system to prevent the loss of low-frequency information, and fm is the central frequency.



To improve the ability to judge the change of cable defects, g(t) parameters are set. The amplitude factor ga is set to 1 and normalized. Since the parameter setting of gb does not affect the location result of the defect, set gb = 0. However, the value of frequency modulation factor gd directly affects the frequency bandwidth of g(t), thus affecting the operation result of the whole test. Thus, when fm = 10 MHz and gc = 0.1 μs, the influence of gd on the time-frequency characteristics of g(t) was analyzed at gd values of 0 rad/μs2, 45 rad/μs2 and 90 rad/μs2. Figure 3a shows the time-domain waveform of g(t). The Hilbert transform [27] is used to obtain the envelope of g(t) in the time domain, as shown in Figure 3b. Then, the amplitude-frequency characteristic curve of g(t) was obtained via the Fourier transform, as shown in Figure 3c.



As can be seen from Figure 3a, with the increase in gd, the greater the frequency change rate for g(t), the more obvious the frequency change phenomenon. It can be seen from Figure 3b,c that with the increase in gd, the time bandwidth of g(t) remains unchanged, while the frequency bandwidth increases. At larger gd values, more time bandwidth (reflected wave distance resolution) is obtained and more data in the frequency domain are required; that is, a wider test frequency band or a higher test upper limit frequency is required in the frequency domain. The wider the frequency band of the test equipment, the larger its dynamic range and the higher the equipment cost. At the same time, the higher the upper limit frequency, the greater the attenuation of the high-frequency component of the signal. In addition, a large amount of noise is introduced during system testing to reduce the test effect. To sum up, gd is set to 0 rad/μs2, at which point Equation (11) is rewritten as


  g ( t ) =  g a   e  -     ( t -  g b  )  2    2  g c 2    cos ( 2 π  f m  ) ( t -  g b  )    



(12)







The amplitude–frequency curve abs(g(f)) of Equation (12) can be expressed as


  a b s ( g ( f ) ) =  g a    2  g c 2  π    e  -     ( f -  f m  )  2    2   (  1  2 π  g c    )  2       



(13)







After discretization of Equation (13), the amplitude–frequency curve of gn(t) is obtained, as shown in Equation (14).


  a b s (  g n  ( f ) ) =  f n   g a    2  g c 2  π    e  -     ( f -  f m  )  2    2   (  1  2 π  g c    )  2       



(14)







It can be seen from Equation (14) that the frequency component of gn(t) is a Gaussian pulse function, gc determines the frequency bandwidth of the signal, and the distribution characteristics of the signal are independent of ga. Since abs(gn(f)) is a symmetric Gaussian function, to ensure that gn(t) is reasonably distributed within the reflection test band in the frequency domain, the center frequency fm is set as the center of the test band, as shown in Equation (15).


   f m  = (  f  max   -  f  min   ) / 2 +  f  min    



(15)







To improve the distance resolution of the reflected wave in a small time bandwidth, the threshold of the scale coefficient is defined as kth. Based on extensive field testing experience, set kth = 0.5%. Then, the value of the parameter gc is obtained, as shown in Equation (16).


   g c  =     2 ln  k  t h       2 π (  f  max   -  f  min   )    



(16)








3.2. Defect Detection Based on the S-Transform


The S-transformation is a time-frequency analysis method proposed by geophysicist Stockwell in 1996, which combines the advantages of the short-time Fourier transform and the wavelet transform; that is, it changes the fixed window function of the short-time Fourier transform into a Gaussian window function whose parameters can be adjusted adaptively [28]. The S-transformation of any signal   h  t  ∈  L 2   R    is defined as


  S   τ , f   =    ∫  − ∞  ∞   h  t  G   t − τ    e  − j 2 π f t   d t     



(17)




where τ is the time that controls the position of the window function on the time axis, h(t) is the analysis signal, f is the frequency, s(τ, f) is the time-spectrum matrix obtained by the transformation, and   G   t − τ , f     is the Gauss window function. The window width and window height of the Gauss window change with the change in frequency, and the specific expression is


  G   t − τ , f   =    f    2 π    e  −       t − τ    2   f 2   2     



(18)







Then, the following expression is derived:


  S   τ , f   =    ∫  − ∞  ∞   H   υ + f    e  −   2  π 2   υ 2     f 2       e  j 2 π υ τ   d υ     



(19)




where f ≠ 0. The Fourier transform (FT) spectrum of discrete signal   h   k T     is


  H    n  N T     =  1 N    ∑  k = 0   N − 1    h   k T    e  −   j 2 π n k  N       



(20)




where k is the discrete time point, k = 1,2,..., N − 1, N is the length of the discrete signal, and T is the sampling interval. Let τ = kT, f = n/NT, then the discrete expression of the S-transformation is


  S   k T ,  n  N T     =   ∑  m = 0   N − 1    H     m + n   N T      e  −   2  π 2   m 2     n 2       e  −   j 2 π n k  N       



(21)




where n ≠ 0. Obviously, the S-transformation of the time series h(t) results in a complex time–frequency matrix, denoted as matrix S, whose rows represent the frequency and whose columns represent the time. The |S| modular array is the array obtained after modulating each quantity in the S-array, and its column vector describes the tendency of the amplitude of the signal at a certain time point to change with the change in frequency. Thus, the element’s size at each position in the |S| array represents the amplitude of the S-transform at the corresponding frequency and time.



According to the principle of generalized cross-correlation, the |S| matrix is divided into two groups of signals on the time axis according to the time displacement delay parameter D, which is denoted as


        x  n  =   S   : , n     +  w 1   n        y  n  =   S   : , n − D     +  w 2   n         



(22)




where w1(n) and w2(n) are observed noises. Compute the cross-correlation function of x(n) and y(n):


     R  x y    τ  = E   x  n  y   n + τ         = E       S   : , n     +  w 1   n        S   : , n − D + τ     +  w 2   n         



(23)







Then, the |S| auto-correlation function of the matrix is


   R  s s    τ  = E     S   : , n       S   : , n + τ        



(24)




because the auto-correlation function satisfies


   R  s s    τ  ≤  R  s s    0   



(25)







Thus,


   R  x y    τ  = E     S   : , n       S   : , n + τ − D       =  R  s s     τ − D    



(26)







Take the maximum at τ = D. It has been pointed out in Section 2 that the reflected signal at the head end of the cable is composed of multiple superimposed reflected signals, so there are multiple delay parameters estimated according to Equation (26), and the delay parameter at x m is denoted as τx. τx corresponds to the carrier frequency fx in Equation (10), and the relation between them is expressed as


   f x  =  τ x  Δ t  



(27)




where   Δ t   is the sampling interval of the test signal.



The flow chart of the proposed method is shown in Figure 4.





4. Simulation Analysis of Medium-Voltage Cables


All simulations were carried out in MATLAB 2017_a. The set parameters according to the medium-voltage cable model shown in Figure 5 are as follows: cable length l = 800 m, x = 300 m, Δx = 0.5, ZL = ∞ (open end). Other cable simulation parameters are shown in Table 1. The parameters of the test signal are set to fm = 1.5 MHz, ga = 1 V, gb = 20 μs, and gc = 0.4 μs. The reflected signal r(t) is injected into the cable model at the terminal A, and the reflected signal g(t) is collected. Then, the superposition signal x(t) = g(t) + r(t) can be obtained, and the time-frequency transformation of the complex signal is carried out by the S-transform and WVD, respectively. The time–frequency analysis is shown in Figure 6.



In the spectrum in the time–frequency domain, both peaks of the S-transform have energy, as shown in Figure 6a. The energy of the WVD is mainly concentrated in the first main peak, as shown in Figure 6b. The cross-correlation curves of Figure 6a,b were obtained, respectively, and the results of cable defect positioning via the two methods were obtained, as shown in Figure 6.



In the spectrum in the time–frequency domain, both peaks of the S-transform have energy, as shown in Figure 6a. The energy of the WVD is mainly concentrated in the first main peak, as shown in Figure 6b. The cross-correlation curves of Figure 6a,b were obtained, and the results of cable defect positioning using the two methods were obtained, as shown in Figure 7.



In Figure 7a, there are three peaks in the positioning result of the S-transform, which represent the position of the head end, defect, and end of the cable, respectively. The positioning values of the defect and the end of the cable using the S-transform are 300.3 m and 799.2 m, respectively. The positioning errors were 0.12% and 0.14%, respectively. In Figure 7b, the positioning result of the WVD exhibits five peaks, among which the peak at 0 m indicates the cable head end and the peak at 300.5 m indicates the location of the defect, with a positioning error of 0.13%. The peak at 798.7 m indicates the end of the cable, with an error of 0.15%. Although the positioning accuracy of the S-transform is the same, there are two peaks at 149.5 m and 549.8 m, which are caused by the cross phase, and it is easy for the tester to misjudge the defect.




5. Actual Medium-Voltage Cable Test


5.1. Case 1


To verify the practicability of the method proposed in this paper, a 10 kV medium-voltage XLPE YJLV-22 cable with a length of 40 m was used in experiments using the method proposed in this paper and the Wigner distribution. The outer sheath and water-blocking yarn of the three-phase cable were stripped at a position of 20 m to form defects. Since the cable is short and requires a higher frequency injected signal, the center frequency of the injected signal is set to fm = 100 MHz, and the remaining parameters are set to ga = 1 V, gb = 20 μs and gc = 0.4 μs. The test platform is shown in Figure 8. The S-transform and WVD were used to carry out time–frequency transformations of the complex signal, and the time–frequency analysis is shown in Figure 9. Test parameters and test results are shown in Table A1.



In Figure 9a, there are three obvious main peaks in the time spectrum of the S-transform, which have a good distribution and aggregation in the time domain. The WVD mainly concentrates energy in the first main peak, as shown in Figure 9b, which reduces the frequency proportion of cable defects and terminal detection signals, having a negative impact on their analysis. The positioning results of the generalized cross-correlation method are shown in Figure 10.



Figure 10 clearly shows that both methods can locate the head and end of the 40 m cable. The positioning value of the end of the cable using the S-transform is 39.98 m, and the error is 0.050%. The positioning value of the cable end using the WVD is 39.99 m, and the error is 0.030%. The Wigner distribution is more accurate for the cable with a length of 40 m, but in addition to the two peaks at the first and the end, there are four peaks at 11.48 m, 21.19 m, 30.03 m, and 40 m. If the tester does not know the defect location, it is difficult to determine which is the defect peak. In the positioning result of the S-transform, it can be clearly judged that there is a defect in the cable at 19.82 m, and the positioning accuracy is 0.9%.




5.2. Case 2


To verify the effectiveness of the proposed method in field testing, an oil-filled submarine cable with a total length of 32 km was taken as the test object in this case. Figure 11 is a schematic diagram of the wiring tested in the field, including a signal generator, T-connector, test wire, and oscilloscope connector. Figure 12 shows the field terminal diagram of the oil-filled submarine cable. High-frequency signal attenuation in long-distance submarine cables is more serious. Therefore, the test signal required for the field test has a narrow frequency band and a low center frequency. The specific reference signal parameters are set as follows: the signal frequency bandwidth is set to 5 MHz, the center frequency is set to fm = 2.5 MHz, and the center time is set to gb = 200 ns, ga = 1 V and gc = 0.4 ns. The positioning results of the S-transformation and WVD are shown in Figure 13. Test parameters and test results are shown in Table A1.



As shown in Figure 13, after processing via the S transformation, the total length of the 32 km oil-filled submarine cable can be accurately determined, and it is determined that there is no defect in the middle of the submarine cable, which is consistent with the actual situation. Therefore, this method can detect the actual submarine cable defect conditions without cross terms. From the above experimental results, it can be concluded that the proposed method of locating cable defects based on synchronous compression transformation can solve the problem of the cross-term influence in the WVD, obtaining a more accurate location signal energy distribution than the traditional signal spectrum acquisition method. At the same time, the S-transform improves the positioning accuracy of the traditional TFDR method (WVD), and can realize the effective positioning of ultra-long distance submarine cables. In addition, the test error for terminal B of the S-transform for the 32 km submarine cable is 0.28%, and the test error of the WVD is 0.28%. It can be seen that in the positioning of long cables, the S-transform has the same test accuracy as the WVD.





6. Discussion


To solve the problem of cross-term interference in the results of detecting medium-voltage cable defects in existing time–frequency-domain detection methods, a new method of locating cable defects based on Gaussian narrow-band envelope signals and the S-transform is proposed in this paper. The resolution of the cable transfer function is improved by adjusting the frequency range of the normal Gaussian narrow-band envelope signal. Through the adaptive property of the S-transform to the window function, the aim of eliminating cross-term interference is achieved, and defect detection in medium-voltage cables is more accurate. The effectiveness and practicability of the proposed method are verified via simulations and experiments.
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Abbreviations


Abbreviations and full names in this article.



	Full Names
	Abbreviations



	Time–frequency-domain reflection
	TFDR



	Frequency-domain reflection
	FDR



	Time-domain reflectometry
	TDR



	Broadband impedance spectroscopy
	BIS



	Wigner–Ville distribution
	WVD



	Pseudo-Wigner–Ville distribution
	PWVD



	Smooth pseudo-Wigner distribution
	SPWVD



	Cable transfer function
	CTF








The meaning of symbols in this article.



	Symbols
	Meaning



	Δx
	The unit length of the cable



	R
	The resistance per unit length



	L
	The inductance per unit length



	C
	The capacitance per unit length



	G
	The conductance per unit length



	ω/f
	Angular frequency/frequency



	rc, rs
	The core radius and the inner radius of the shield layer



	ρc, ρs
	The resistivity of the cable core and shield layer



	μ0
	The vacuum permeability



	σ, ε
	The electrical conductivity and dielectric constant



	Γ(ω)
	The CTF



	Z0, ZL
	The characteristic impedance of the cable body and the load impedance at the terminal



	r(ω)
	The propagation coefficient of the signal in the cable



	α(ω), β(ω)
	The attenuation coefficient and the phase coefficient



	v
	The propagation speed of electromagnetic waves



	x
	The location of the defect



	ga, gb, gc,, gd, fm
	The amplitude factor, the time factor, the pulse width factor, the frequency modulation factor, and the central frequency










Appendix A


The experimental set-up and the obtained results are as follows.





 





Table A1. The list of the experimental set-up parameters and the obtained results.






Table A1. The list of the experimental set-up parameters and the obtained results.





	Case
	Experimental Set-Up
	Experimental Results





	1
	fm = 100 MHz, ga = 1 V, ga = 1 V, gb = 20 μs and gc = 0.4 μs
	S-transform: 0.050% without cross-term

WVD: 0.030% with cross-term



	2
	fm = 2.5 MHz, ga = 1 V, gb = 200 ns and gc = 0.4 ns
	S-transform: 0.28% without cross-term

WVD: 0.28% with cross-term
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Figure 1. A medium-voltage cable model along with distributed parameters. 
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Figure 2. The change in wave speed v of the test signal with different frequencies in the cable. 
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Figure 3. g(t) time frequency characteristics at different gd. 
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Figure 4. Flow chart of the defect detection method based on the S-transform. 
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Figure 5. A medium-voltage cable model with a defect. 
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Figure 6. Analysis results of the S-transform and WVD for cables with defects. (a) S-transform, (b) WVD. 
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Figure 7. The positioning results of the S-transform and WVD for cable model with defects. (a) S-transform; (b) WVD. 
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Figure 8. Experimental test platform of a 10 kV medium-voltage XLPE cable. 
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Figure 9. Spectrum in the time-frequency domain of a 40 m/10 kV medium-voltage cable. (a) S-transformation, (b) WVD. 
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Figure 10. Test results of a 40 m/10 kV medium-voltage cable. (a) S-transformation, (b) WVD. 
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Figure 11. Field test diagram of the 32 km oil-filled submarine cable. 






Figure 11. Field test diagram of the 32 km oil-filled submarine cable.



[image: Energies 17 02218 g011]







[image: Energies 17 02218 g012] 





Figure 12. The terminal of 32 km oil-filled submarine cable. 
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Figure 13. The location spectrum of 32 km oil-filled submarine cable using the S-transformation and WVD. 
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Table 1. Parameter setting in simulations of the medium-voltage cable model.
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	Parameter
	Value





	Core radius rc/mm
	4



	Radius inside the shield rs/mm
	9.5



	Cable core resistivity ρc/(μΩ·mm)
	17.5



	Shield resistivity ρs/(μΩ·mm)
	17.5



	Conductivity of XLPE σ/(S·m)
	1 × 10−16



	Dielectric constant of XLPE ε/(F·m)
	2.4 × 10−11
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