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Abstract

:

The most severe partial discharges and main insulation failures of 10 kV cross-linked polyethylene cables occur at the joint due to defects caused by various factors during the manufacturing and installation processes. The electric field distortion is analyzed as the indicator by the charge simulation method to identify four typical defects (air void, water film, metal debris, and metal needle). This charge simulation method is combined with random walk theory to describe the stochastic process of electrical tree growth around the defects with an analysis of the charge accumulation process. The results illustrate that the electrical trees around the metal debris and needle are more likely to approach the cable core and cause main insulation failure compared with other types of the defects because the vertical field vector to the cable core is significantly larger than the field vectors to other directions during the tree propagation process with conductive defects. The electric field was measured around the cable joint surface and compared with the simulation results to validate the calculation model and the measurement method. The air void and water film defects are difficult to detect when their sizes are less than 5 mm3 because the field distortions caused by the air void and water film are relatively small and might be concealed by interference. The proposed electric field analysis focuses on the electric field distortion in the cable joint, which is the original cause of the insulation material breakdown. This method identifies the defect and predicts the electrical tree growth in the cable joint simultaneously. It requires no directly attached or embedded sensors to impact the cable joint structure and maintains the power transmission during the detection process.
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1. Introduction


The power cable has been extensively used in power transmission and distribution systems due to its large ampacity and ability to be installed underground [1,2]. The cables have been used for more than 40 years of service in the developed countries, and the cable failure accidents frequently occur in large cities due to the aging and manufactured defects of cables during the long-term operation [3,4]. Therefore, it is necessary to develop an effective and efficient method to detect the defects and predict the aging rate based on the electrical tree model in the cable to maintain safe power transmission.



With the improvement of high voltage (HV) and insulation technology, cable manufacturing has replaced the traditional oil-filled paper used as the insulation material with cross-linked polyethylene (XLPE), which has become the most widely used insulation material for power cables [5]. Compared with HV XLPE cables, 10 kV XLPE cables are more prevalent in the power distribution system, especially in urban power grids. The cable maintenance has become difficult due to the complicated underground environmental conditions in cities. As the part of the cable with a complex structure and relatively weak insulation, the cable joint is more likely to explode than the cable main body due to long-term usage and lack of maintenance [6,7,8]. The defects in the cable joint are the main cause of explosion accidents. Many studies have been conducted to investigate the electric field distribution and aging process of main cable body, whereas studies of the cable joint are inadequate due to its complicated structure and multiple installation procedures [9,10]. This paper focuses on the electric field analysis around the 10 kV cable joint to determine the characteristics of the field distribution corresponding to each typical defect. The electric field was then measured to locate and identify the defect in the cable joint.



Cable joint defects are more likely to occur on the interfaces between the XLPE and silicone rubber layers, caused by various factors during the manufacturing and installation processes [11,12,13,14]. Four typical defects were analyzed: air void defect, water film defect, metal debris defect, and metal needle defect. The air void defects are created under the following two scenarios. The XLPE main insulation could be dented during the manufacturing process. The cable joint installer may accidently cut the XLPE material with a knife or other tool during the removal of the external semi-conductive layer of the cable. Water film defects are created by water leaking into a small gap in the interface when the XLPE is not fully sealed by a silicon rubber tube during installation. Metal debris defects are created by the remaining metal tips on the interface that were not properly cleaned up during installation. The metal needle penetrates the silicon rubber tube due to external forces and causes defects. Many researchers have developed different methods to detect the defects in the cable joints. Zhang et al. developed a thermal-probability-density-based method to detect the internal defects of power cable joints [15]. Yang et al. proposed a new method for determining the connection resistance of the compression connector in a cable joint and evaluated the crimping process defects using coupling field analysis [16,17]. Zhu et al. evaluated the thermal effect of different laying modes on XLPE insulation and estimated the cable ampacity [18]. Most existing methods adopted the thermal or ultrasonic signal as the indicator to detect the internal defects of cable joints [19,20]. However, these signals are the derivative consequences of the insulation material breakdown and susceptible to interferences in the environment, while the electric field intensification is the original cause of the insulation material breakdown. Therefore, electric field analysis around the cable joint can identify the types of defects by categorizing the characteristics of electric field distribution with relatively less influence from the external noises.



The charge simulation method (CSM) is used to calculate the electric field around the cable joint surface because the CSM significantly reduces the computational complexity due to the axis-symmetrical geometry of the cable joint [21]. CSM was first applied in HV electric field calculation by Singer in 1974 [22]. Malik then modified the CSM application using the least square method to minimize calculation errors [23]. Takuma et al. applied CSM to calculate the electric fields with multi-dielectric material conditions [24]. This paper compared the calculation results with experimental results to validate the simulation model and the electric field measurement method. The electric field distribution was measured based on the Pockels effect to reduce the electromagnetic interference [25,26]. The distance from the probe to the cable joint surface was precisely controlled by a ball screw structure to obtain the same measurement position as the calculation model.



Electrical trees develop inside dielectric material when internal defects distort the electric field distribution, and the maximum electric field exceeds the critical value of the field strength [27,28,29]. Electrical trees create conductive paths in the XLPE main insulation and increase the risk of failure. Rompe and Weizel first introduced the formula to obtain the time-dependent voltage, current, and resistance during the discharge process [30]. In 1998, Champion et al. simulated the process of an electrical tree spreading along with orthogonal mesh based on the traditional dielectric breakdown model [31]. Zhou et al. then proposed that the thermal aging of silicon rubber led to the formation of an electrical tree by performing a dielectric withstand test on silicone rubber [32]. Since the electrical tree propagation is a stochastic process creating different trajectories even the electric field distributions remain the same, the random walk theory is more consistent with the physical phenomena in the cable joint, when compared with other approaches. Therefore, the random walk theory is combined with CSM to model the electrical tree growth in a cable joint with defects.



Random walk theory describes a sequence of random events and the probabilities of states at each time related to the previous time. The probability of all next possible states is determined by electric field vectors close to the electrical tree. Noskov et al. developed the electrical tree propagation model based on random walk theory in the rod–plane system to evaluate the self-consistent dynamic characteristics of the electrical tree [33,34].



The CSM was combined with random walk theory to describe the stochastic process of electrical tree propagation. The electrical tree propagation processes were repeated multiple times to analyze the pattern of the electrical tree trajectories with four types of defects. The characteristics of electric field distribution under the presence of defects were also investigated. The electric field was measured to locate and identify the defects, then predict the pattern of electrical tree growth in a 10 kV XLPE cable joint to prevent further failures and accidents.




2. Materials and Methods


2.1. Cable Joint Structure


A schematic of a 10 kV XLPE cable joint structure is shown in Figure 1.




2.2. Charge Simulation Based Electric Field Calculation


Electric field distributions around the cable joint were calculated based on the CSM. The CSM simulates the field by a number of discrete charges placed outside the calculation region to solve Poisson’s equations with boundary conditions satisfied numerically [35].


       ∇ 2  u =    ∂ 2  φ   ∂  x 2    +    ∂ 2  φ   ∂  y 2    =  ρ ε       Poisson ’ s   equation            φ  (  x , y  )   |   Γ  =  f 1   ( Γ )       Dirichlet   boundary   condition              ∂ φ   ∂ n    |   Γ  =  f 2   ( Γ )       Neumann   boundary   condition      .  



(1)







The ring charges, line charges, and point charges were input in the XLPE main insulation, cable core, and defects, respectively, to fit the axis-symmetrical geometry of the joint. The discretized equations are formulated as follows to calculate the values of charges according to the Dirichlet and Neumann boundary conditions [22].


   [ P ]   [ Q ]  =  [ V ]  .  



(2)







P is the m × n coefficient matrix, Q is the n × 1 unknown simulating charge matrix, and V is the m × 1 electric potential matrix at the contour points.



The charge distributions were shown in the following sections to satisfy the potential continuity (Dirichlet) and normal flux density continuity (Neumann) on the interfaces between different materials. The model was built on the MATLAB platform.



2.2.1. Charges Distribution Close to the Cable Joint and Its Accessories


The distribution of all simulation charges close to the cable joint and its accessories is shown in Figure 2.



The potential of the interface of cable core and XLPE layer is calculated as


     ∑   j = 1    n  c o r e      P  i , j    Q  c o r e  ( j )    +   ∑   j = 1    n  S i R . I      P  i . j    Q  S i R . I  ( j )    =  φ  c o r e   ,    i = 1 , 2 , … ,  n  c o r e   ,   



(3)




where ncore is the number of line charges Qcore in the cable core, nSiR.I is the number of ring charges QSiR.I at the inner side of the silicone rubber, P is the potential coefficient, and φcore is the potential of the cable core.



The potential continuity boundary condition on the interface of the XLPE layer and silicone rubber, and the surface of the silicone rubber are calculated by Equations (4) and (5), respectively:


     ∑   j = 1    n  X L P E . O      P  i , j    Q  X L P E . O  ( j )    −   ∑   j = 1    n  S i R . I      P  i . j    Q  S i R . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  X L P E . O   ,     n  X L P E . O   =  n  S i R . I   ;   



(4)






     ∑   j = 1    n  S i R . O      P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     P   (  i , j  )     Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,     n  S i R . O   =  n A  ,   



(5)




where nXLPE.O is the number of line charges QXLPE.O at the inner side of the XLPE layer, nSiR.O is the number of ring charges QSiR.O at the outer side of the silicone rubber, and nA is the number of ring charges QA close to the surface of the silicone rubber.



The field strength boundary conditions on the interface of the XLPE layer and the silicone rubber, and the surface of the silicone rubber are calculated by Equations (6) and (7), respectively:


    ε  X L P E    E  X L P E   −  ε  S i R    E  S i R   =   ∑   j = 1    n  X L P E . O      ε  X L P E    P  i , j    Q  X L P E . O  ( j )    −   ∑   j = 1    n  S i R . I      ε  S i R    P  i . j    Q  S i R . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  X L P E . O   ;   



(6)






    ε  S i R    E  S i R   −  ε A   E A  =   ∑   j = 1    n  S i R . O      ε  S i R    P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     ε A   P   (  i , j  )     Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,   



(7)




where εXLPE, εSiR, and εA are the permittivity of XLPE, silicone rubber, and air, respectively.




2.2.2. Charges Distribution Close to the Stress Cone


The distribution of all simulation charges close to the stress cone shown in Figure 3.



The potential of the interface of cable core and XLPE layer is calculated as:


     ∑   j = 1    n  c o r e      P  i , j    Q  c o r e  ( j )    +   ∑   j = 1    n  S C . I      P  i , j    Q  S C . I  ( j )    =  φ  c o r e   ,    i = 1 , 2 , … ,  n  c o r e   ,   



(8)




where nSC.I is the number of ring charges QSC.I at the inner side of the stress cone.



The potential continuity boundary conditions on the interfaces of the XLPE layer–stress cone, stress cone–silicone rubber, and air–silicone rubber are satisfied by Equations (9)–(11) respectively:


     ∑   j = 1    n  X L P E . O      P  i , j    Q  X L P E . O  ( j )    −   ∑   j = 1    n  S C . I      P  i , j    Q  S C . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  X L P E . O   ,     n  X L P E . O   =  n  S C . I   ;   



(9)






     ∑   j = 1    n  S C . O      P  i , j    Q  S C . O  ( j )    −   ∑   j = 1    n  S i R . I      P  i , j    Q  S i R . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S C . O   ,     n  S C . O   =  n  S i R . I   ;   



(10)






     ∑   j = 1    n  S i R . O      P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     P  i , j    Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,     n  S i R . O   =  n A  ,   



(11)




where nSC.O is the number of ring charges QSC.O at the outer sides of the stress cone.



The field strength boundary conditions on the interfaces between XLPE layer–stress cone, stress cone–silicone rubber interfaces, and air-silicone rubber are satisfied by Equations (12)–(14), respectively:


    ε  X L P E    E  X L P E   −  ε  S C    E  S C   =   ∑   j = 1    n  X L P E . O      ε  X L P E    P  i , j    Q  X L P E . O  ( j )    −   ∑   j = 1    n  S C . I      ε  S C    P  i , j    Q  S C . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  X L P E . O   ;   



(12)






    ε  S C    E  S C   −  ε  S i R    E  S i R   =   ∑   j = 1    n  S C . O      ε  S C    P  i , j    Q  S C . O  ( j )    −   ∑   j = 1    n  S i R . I      ε  S i R    P  i , j    Q  S i R . I  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S C . O   ;   



(13)






    ε  S i R    E  S i R   −  ε A   E A  =   ∑   j = 1    n  S i R . O      ε  S i R    P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     ε A   P  i , j    Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,   



(14)




where εSC is the permittivity of the stress cone material.




2.2.3. Charges Distribution Close to the Connecting Pipe Inside the Cable Joint


The distribution of all simulation charges close to the connecting pipe shown in Figure 4.



The potential of the interface of the cable core and the connection pipe layer is calculated by:


     ∑   j = 1    n  c o r e      P  i , j    Q  c o r e  ( j )    +   ∑   j = 1    n  S i R . I      P  i , j    Q  S i R . I  ( j )    =  φ  c o r e   .    i = 1 , 2 , … ,  n  c o r e   .   



(15)







The potential continuity boundary conditions on the interfaces between of the connecting pipe–silicone rubber and the silicone rubber-air are calculated by Equations (16) and (17), respectively:


     ∑   j = 1    n  p i p e . O      P  i , j    Q  p i p e . O  ( j )    −   ∑   j = 1    n  S i R . I      P  i , j    Q  S i R . O  ( j )    = 0 ,    i = 1 , 2 , … ,  n  p i p e . O   ,     n  p i p e . O   =  n  S i R . I   ;   



(16)






     ∑   j = 1    n  S i R . O      P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     P  i , j    Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,     n  S i R . O   =  n A  ,   



(17)




where npipe.O is the number of ring charges Qpipe.O at the outer side of the connection pipe.



The field strength boundary conditions on the interface of connection pipe and silicone rubber are calculated by:


    ε  p i p e    E  p i p e   −  ε  S i R    E  S i R   =   ∑   j = 1    n  p i p e . O      ε  p i p e    P  i , j    Q  p i p e . O  ( j )    −   ∑   j = 1    n  S i R . I      ε  S i R    P  i , j    Q  S i R . O  ( j )    = 0 ,    i = 1 , 2 , … ,  n  p i p e . O   ;   



(18)






    ε  S i R    E  S i R   −  ε A   E A  =   ∑   j = 1    n  S i R . O      ε  S i R    P  i , j    Q  S i R . O  ( j )    −   ∑   j = 1    n A     ε A   P  i , j    Q  A  ( j )    = 0 ,    i = 1 , 2 , … ,  n  S i R . O   ,   



(19)




where εpipe is the permittivity of the connection pipe material.




2.2.4. Charges Distribution Close to Four Types of Defects


Four main kinds of defects occur on the interface of the XLPE layer and the silicone rubber: ware air voids, water film, metal debris, and metal needles shown in Figure 5.



For non-conductive defects, such as air voids or water films, a series of point charges are placed close to the interface of the defects and other materials (Figure 6), and the potential continuity and field strength boundary conditions must be satisfied.



The potential continuity equations are:


     ∑   j = 1    n  D . S i R      P  i , j    Q  D . S i R  ( j )    −   ∑   j = 1    n  S i R . D      P  i , j    Q  S i R . D  ( j )    = 0 ,    i = 1 , 2 , … ,  n  D . S i R   ,     n  D . S i R   =  n  S i R . D   ;   



(20)






     ∑   j = 1    n  D . X L P E      P  i , j    Q  D . X L P E  ( j )    −   ∑   j = 1    n  X L P E . D      P  i , j    Q  X L P E . D  ( j )    = 0 ,    i = 1 , 2 , … ,  n  D . X L P E   ,     n  D . X L P E   =  n  X L P E . D   ,   



(21)




where nD.SiR and nD.XLPE are the numbers of the point charges QD.SiR and QD.XLPE at the rubber and XLPE sides inside the defect, respectively; and nSiR.D and nXLPE.D are the numbers of the point charges QSiR.D and QXLPE.D at the defect side inside the silicone rubber and XLPE layer, respectively.



The field boundary equations are:


    ε D   E D  −  ε  S i R    E  S i R   =   ∑   j = 1    n  D . S i R      ε D   P  i , j    Q  D . S i R  ( j )    −   ∑   j = 1    n  S i R . D      ε  S i R    P  i , j    Q  S i R . D  ( j )    = 0 ,    i = 1 , 2 , … ,  n  D . S i R   ;   



(22)






    ε D   E D  −  ε  X L P E    E  X L P E   =   ∑   j = 1    n  D . X L P E      P  i , j    Q  D . X L P E  ( j )    −   ∑   j = 1    n  X L P E . D      P  i , j    Q  X L P E . D  ( j )    = 0 ,    i = 1 , 2 , … ,  n  D . X L P E   ,   



(23)




where εD is the permittivity of the defect, such as the permittivity of air (εA) or water (εW).



Metal debris (Figure 7) has floating potential [36]. Hence, the calculation of metal debris is different from non-conductive defects.



To calculate the potential of the metal debris, the potential boundary equations are:


     ∑   j = 1    n M     P  i , j    Q  M  ( j )    +   ∑   j = 1    n  S i R . I      P  i , j    Q  S i R . I  ( j )    =  φ M  ,    i = 1 , 2 , … ,  n M  ;   



(24)






     ∑   j = 1    n M     P  i , j    Q  M  ( j )    +   ∑   j = 1    n  X L P E . O      P  i , j    Q  X L P E . O  ( j )    =  φ M  ,    i = 1 , 2 , … ,  n M  ;   



(25)




where φM is the unknown potential of the metal debris and nM is the number of point charges QM inside the metal debris.





2.3. Electrical Tree Propagation Model


In this model, the trajectory of the electrical tree was composed of a sequence of point charges (Figure 8a).



Since the formation of the electrical tree is a time-varying process, the potential φ of each position inside the silicone rubber is calculated by:


   φ   t n    =   ∑   i = 1    n  M N      P i   Q  M N  ( i )    +   ∑   i = 1    n  E T      P i   Q  E T  ( i )    +   ∑   i = 1    n A     P i   Q  A  ( i )    +   ∑   i = 1    n  X L P E . O      P i   Q  X L P E . O  ( i )    ,  



(26)




where nMN and nET are the numbers of point charges QMN and QET inside the metal needle and on the electrical tree, respectively; and the superscript tn represents the nth state. The instant tn is related to the initial time t0 and the time step Δt, i.e.,


   t n  =  t 0  + Δ t .  



(27)







In this model, the length of the electrical tree propagation step is l. Thus, the probability of electrical tree development is related to the potential    φ  E T  . e n d     t n      on a sphere with point charge    Q  E T  . e n d     t n      based on random walk theory at the end of the electrical tree (Figure 8b). The calculation for potential    φ  E T  . e n d     t n      is shown in Equation (26).



The number of possible development directions is ndir. For the i-th direction, its probability P(i) is calculated by [33,34]:


  P  ( i )  =   τ  [   φ  E T . e n d  ( i )     t n     ]      ∑   j = 1    n  d i r      φ  E T . e n d  ( j )     t n      ,  



(28)




where    φ  E T  . e n d   ( j )     t n      is the potential on the sphere in the j-th direction and τ(φ) is a piecewise function:


  τ  ( φ )  =  {      φ , φ >  E  d i e l e c t r   l       0 , φ ≤  E  d i e l e c t r   l       ,  



(29)




where Edielectr is the dielectric strength of the silicone rubber. In other words, for electrical tree development the electric strength on the sphere must exceed the dielectric strength of the silicone rubber.



The program flow diagram is shown in Figure 9.





3. Results


3.1. Simulation Results with Four Types of Defects


3.1.1. Electric Field Distribution with the Air Void Defect


Electric field distributions with the air void defect are shown in Figure 10. Figure 10a,b shows the location of the defect in the cylindrical cable joint structure. Figure 10c displays the electric field distribution in the front view of the cable joint. Figure 10d shows the electric field distribution with an air void defect along the measurement line in Figure 8a. Figure 10e presents the electric field strength on the cable joint surface along the measurement lines in Figure 10a,b.



Figure 10c shows that the electric field strength increased in the air void defect area due to the small relative permittivity of air, and the electric field around the defect decreased (Figure 10d). Figure 10e illustrates that the electric field strength on the cable joint surface was distorted and evidently decreased in the area close to the air void defect.




3.1.2. Electric Field Distribution with the Water Film Defect


Electric field distributions with the water film defect are shown in Figure 11. Figure 11a,b shows the location of the defect in the cylindrical cable joint structure. Figure 11c displays the electric field distribution from the front view of the cable joint. Figure 11d shows the electric field distribution with the water film defect along the measurement line shown in Figure 11a. Figure 11e presents the electric field strength on the cable joint surface along the measurement lines from Figure 11a,b.



Figure 11c shows that the electric field strength decreased in the water film defect area due to the large relative permittivity of water, and the electric field around the defect increased (Figure 11d). Figure 11e illustrates that the electric field strength on the cable joint surface was distorted and evidently increased in the area close to the water film defect.




3.1.3. Electric Field Distribution with the Metal Debris Defect


Electric field distributions with the metal debris defect are shown in Figure 12. Figure 12a,b shows the location of the defect in the cylindrical cable joint structure. Figure 12c displays the electric field distribution from the front view of the cable joint. Figure 12d shows the electric field distribution with a metal debris defect along the measurement line from Figure 12a. Figure 12e presents the electric field strength on the cable joint surface along the measurement lines from Figure 12a,b.



Figure 12c shows that the electric field strength decreased in the metal debris defect area due to the conductive property of the metal debris, and the electric field around the defect increased (Figure 12d). Figure 12e illustrates that the electric field strength on the cable joint surface was distorted and evidently increased in the area close to the metal debris defect.




3.1.4. Electric Field Distribution with the Metal Needle Defect


Electric field distributions with the metal needle defect are shown in Figure 13. Figure 13a,b shows the location of the defect in the cylindrical cable joint structure. Figure 13c displays the front view of the electric field distribution of the cable joint. Figure 13d shows the electric field distribution with the metal needle defect along the measurement line from Figure 13a. Figure 13e presents the electric field strength on the cable joint surface along the measurement lines from Figure 13a,b.



Figure 13c shows that the electric field strength decreased in the metal needle defect area due to the conductive property of the metal needle, and the electric field around the defect increased (Figure 13d). Figure 13e shows that the electric field strength on the cable joint surface was distorted and evidently increased in the area close to the metal needle defect.




3.1.5. Electric Field Comparison with Four Types of Defects


The pattern of electric field distributions with four types of defects were analyzed based on the field distortion magnitude and tendency along the measurement lines on the cable joint surface. The characteristics of the field distributions for all types of defects are shown in Table 1.



Table 1 shows that the field distortions of metal debris and needle were more severe than the field distortions caused by an air void and water film. The field distortion tendencies of air voids and water films were opposite. The types and locations of defects in the cable joint could be identified and located based on the characteristics of the measured electric field.





3.2. Experiment Results of Four Types of Defects


Electric field distribution along the measurement lines on the cable joint surface was measured using a probe based on the Pockels effect to reduce electromagnetic interference. The probe was installed on the ball screw structure to maintain a 10 mm distance from the top of the probe to the cable joint surface. The experiment schematic and setup are shown in Figure 14 and Figure 15, respectively. The supply voltage of the cable core was set to 7 kV AC (Line to ground).



3.2.1. Artificial Defects in the Cable Joint


For the experiment, four typical defects were created to imitate the defects caused by external forces during cable joint manufacturing and installation processes (Figure 16).




3.2.2. Electric Field Measurement Results


The electric field distribution was measured at discrete points around the cable joint surface. The location of the probe was accurately controlled by the ball screw structure to ensure that the distance between all the measurement points was 10 mm. The consecutive points were interpolated in the discrete measurement points to obtain the continuous plots in Figure 17 for four types of defects. The sizes and locations of the artificial defects were the same as the sizes and locations of the defects in the simulation model to enable comparison of the results. The electric field measurements were repeated five times at the same location close to the defect for each type of defect. The number of discrete points with more than 30% variance was less than 4% during the measurement. The maximum variances of the electric field strength from five repetitions are shown in Table 2.



It was observed that the variances of the repetitions were relatively small, and the number of repetitions did not significantly affect the accuracy of the measurement.



Figure 17 illustrates that electromagnetic interference and noise in the environment affects the accuracy of the electric field measurement. The accumulated errors between the simulation model and experiment results are shown in Table 3. From the experiment, it was concluded that the air void and water film defects could not be detected when their sizes were less than 5 mm3 because the field distortions caused by the air void and water film were relatively small and could be confused with the interference. The conductive metal defects could be identified and located when their sizes were larger than 2 mm3 due to the severe electric field distortion they produced.





3.3. Simulation Results of Electrical Tree Propagation


The electrical tree propagation processes were simulated close to the defects, using the same types, locations, and sizes as in the electric field calculation model. The electrical tree initiated at the location with the maximum electric field strength and propagated for 9.2 min. The propagation processes were repeated 50 times to analyze the patterns of the tree trajectories.



Figure 18a shows that the average length of the electrical tree trajectories around the air void defects was 2.2 mm. The average length of the trajectories was small because the electric field around the air void defect decreased (Table 1) and the field distortion was mild. Figure 18b shows that the average length of the electrical tree trajectories around the water film defects was 4.7 mm. The average length of the trajectory increased because the electric field increased around the water film defect (Table 1). Figure 18c,d indicate that the average lengths of the electrical tree trajectories around the metal debris and needle defects were 7.5 mm and 11.2 mm, respectively, due to the severe electric field distortion around the defects. The electrical tree trajectories around the conductive metal defects tended to approach the cable core because the vertical field vector to the cable core was significantly larger than the field vectors in other directions during the tree propagation process.





4. Conclusions


The number of cable failure accidents continuously increased due to the defects produced during the manufacturing and aging processes, this paper provided a defect detection method for a 10 kV XLPE cable and predicted the aging rate based on the characteristics of the electric field distribution. The electric field distribution was calculated and measured around the defective cable surface. The simulation and calculation results were compared to validate the charge-simulation-based electric field model and the electric field measurements. The electrical tree propagation processes were simulated based on CSM and random walk theory to analyze the pattern of electrical tree trajectories.




	
Four typical defects could be identified in the cable joint based on their unique electric field distribution characteristics. Electric field intensification was the original cause of insulation material breakdown, and the electric field measurement with Pockels effect reduced environmental interferences. A feature library of defects could be built for the operating personnel to locate and identify the internal and external defects.



	
The electric field distortion magnitudes were 9.3%, 11.8%, 26.2%, and 29.7% for the defects of air void, water film, metal debris, and metal needle, respectively. The air and water defects of large size caused less field distortion when compared with metal defects of small size. Therefore, air void and water film defects were difficult to detect when they were smaller than 5 mm3 because their field distortions were relatively small and might be concealed by interference.



	
The combination of CSM and random walk theory could accurately describe the electrical tree propagation in cable joints. CSM was used to calculate the instantaneous electric field and charge distributions at each step of tree propagation. Random walk theory describes the stochastic property of electrical tree growth by determining the tree propagation direction based on the electric field analysis and the probabilistic model. The electrical tree model could predict the aging rate of the insulation material and prevent the failure accident of the cable joint.



	
The average length of the electrical tree trajectories around a water film defect was larger than those around an air void defect due to the opposite field distortion tendencies around the defect. The electrical trees around metal debris and needles were more inclined to approach the cable core and cause main insulation breakdown compared with other types of defects.
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Nomenclature




	Edielectr
	Dielectric strength of silicone rubber (unit: kV/mm)



	l
	Length step of electrical tree development (unit: mm)



	nA
	Number of ring charges in the air close to the silicone rubber



	ncore
	Number of line charges in the cable core



	nD.SiR
	Number of point charges in the defects close to the silicone rubber interface



	nD.XLPE
	Number of point charges in the defects close to the XLPE layer



	ndir
	Number of possible directions of electrical tree development



	nET
	Number of point charges in the electrical tree



	nM
	Number of point charges in the metal debris



	nMN
	Number of point charges in the metal needle



	npipe.O
	Number of ring charges at the outer side of the connecting pipe



	nSC.I
	Number of ring charges at the inner side of the stress cone



	nSC.O
	Number of ring charges at the outer side of the stress cone



	nSiR.D
	Number of point charges in the silicone rubber close to the defect interface



	nSiR.I
	Number of ring charges at the inner side of the silicone rubber



	nSiR.O
	Number of ring charges at the outer side of the silicone rubber



	nXLPE.D
	Number of point charges in the XLPE layer close to the defect interface



	nXLPE.O
	Number of ring charges at the outer side of the XLPE layer



	P(i)
	Probability of the i-th possible direction of electrical tree development



	Pi,j
	Potential coefficient (unit: kV/pC)



	QA
	Ring charges in the air close to the silicone rubber (unit: pC)



	Qcore
	Line charges in the cable core (unit: pC)



	QD.SiR
	Point charges in the defects close to the silicone rubber interface (unit: pC)



	QD.XLPE
	Point charges in the defects close to the XLPE layer (unit: pC)



	QET
	Point charges in the electrical tree (unit: pC)



	    Q  E T  . e n d     t n      
	Point charge at the end of the electrical tree at n-th stage (current stage, unit: pC)



	    Q  E T  . e n d     t   n + 1        
	Point charge at the end of the electrical tree at (n + 1)-th stage (next stage, unit: pC)



	QM
	Point charges in the metal debris (unit: pC)



	QMN
	Point charges in the metal needle (unit: pC)



	Qpipe.O
	Ring charges at the outer side of the connecting pipe (unit: pC)



	QSC.I
	Ring charges at the inner side of the stress cone (unit: pC)



	QSC.O
	Ring charges at the outer side of the stress cone (unit: pC)



	QSiR.D
	Point charges in the silicone rubber close to the defect interface (unit: pC)



	QSiR.I
	Ring charges at the inner side of the silicone rubber (unit: pC)



	QSiR.O
	Ring charges at the outer side of the silicone rubber (unit: pC)



	QXLPE.D
	Point charges in the XLPE layer close to the defect interface (unit: pC)



	QXLPE.O
	Ring charges at the outer side of the XLPE layer (unit: pC)



	r
	Radius of the sphere centered on    Q  E T  . e n d     t n     , r = l/2 (unit: mm)



	Δt
	Time step of electrical tree development (unit: s)



	t0
	Initial state of electrical tree development (unit: s)



	tn
	The n-th state (current state) of electrical tree development (unit: s)



	tn + 1
	The (n + 1)-th state (next state) of electrical tree development (unit: s)



	εA
	Permittivity of air (unit: pF/m)



	εD
	Permittivity of dielectric of non-conductive defect (unit: pF/m)



	εSC
	Permittivity of material of stress cone (unit: pF/m)



	εpipe
	Permittivity of material of connecting pipe (unit: pF/m)



	εSiR
	Permittivity of silicone rubber (unit: pF/m)



	εW
	Permittivity of water (unit: pF/m)



	εXLPE
	Permittivity of XLPE (unit: pF/m)



	φcore
	Potential of cable core (unit: kV)



	    φ  E T  . e n d     t n      
	Potential of the sphere surface with    Q  E T  . e n d     t n      as the center and l/2 as the radius(unit: kV)



	φM
	Potential of metal debris (unit: kV)
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Figure 1. Schematic of a 10 kV cross-linked polyethylene (XLPE) cable and the joint. 
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Figure 2. Distribution of simulation charges close to the junction of the cable and the joint. Simulation charges: 1, Qcore, line charges in the cable core; 2, QXLPE.O, ring charges at the outer side of the XLPE layer; 3, QSiR.I, ring charges at the inner side of the silicone rubber; 4, QSiR.O, ring charges at the outer side of the silicone rubber; and 5, QA, ring charges close to the surface of the silicone rubber. Boundaries: A, the surface of the silicone rubber; B, the interface of silicone rubber and XLPE layer; and C, the interface of the XLPE layer and cable core. 
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Figure 3. Distribution of simulation charges close to the stress cone. Simulation charges: 1, Qcore, line charges in the cable core; 2, QXLPE.O, ring charges at the outer side of the XLPE layer; 3, QSC.I, ring charges at the inner side of the stress cone; 4, QSC.O, ring charges at the outer side of the stress cone; 5, QSiR.I, ring charges at the inner side of the silicone rubber; 6, QSiR.O, ring charges at the outer side of the silicone rubber; and 7, QA, ring charges close to the surface of the silicone rubber. Boundaries: A, the surface of the outer layer of the silicone rubber; B, the interface of the silicone rubber and the stress cone; C, the interface of the stress cone and the XLPE layer; and D, the interface of the XLPE layer and the cable core. 
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Figure 4. Distribution of simulation charges inside the cable joint. Simulation charges: 1, Qcore, line charges in the cable core; 2, Qpipe.O, ring charges at the outer side of the connecting pipe; 3, QSiR.I, ring charges at the inner side of the silicone rubber; 4, QSiR.O, ring charges at the outer side of the silicone rubber; and 5, QA, ring charges close to the surface of the silicone rubber. Boundaries: A, the surface of the silicone rubber; B, the interface of silicone rubber and the connecting pipe; and C, the interface of connecting pipe and cable core. 
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Figure 5. Defects between the XLPE layer and the silicone rubber: (a) air void, (b) water film, (c) metal debris, and (d) metal needle. 
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Figure 6. Charges distribution of non-conductive defects. 
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Figure 7. Charges distribution of metal debris. 
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Figure 8. Simulation model of the electrical tree: (a) charge distribution inside the metal needle and the electrical tree and (b) simulation of electrical tree development process. 






Figure 8. Simulation model of the electrical tree: (a) charge distribution inside the metal needle and the electrical tree and (b) simulation of electrical tree development process.



[image: Energies 12 04519 g008a][image: Energies 12 04519 g008b]







[image: Energies 12 04519 g009 550] 





Figure 9. The program flow chart for the simulation process. 
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Figure 10. Electric field distributions with the air void defect: (a) front view of defect and field measurement line in the cable joint, (b) cross-section view of defect and field measurement line of the cable joint, (c) front view of electric field distribution of the cable joint, (d) front view of electric field distribution along measurement line, and (e) electric field strength on the cable joint surface. 






Figure 10. Electric field distributions with the air void defect: (a) front view of defect and field measurement line in the cable joint, (b) cross-section view of defect and field measurement line of the cable joint, (c) front view of electric field distribution of the cable joint, (d) front view of electric field distribution along measurement line, and (e) electric field strength on the cable joint surface.



[image: Energies 12 04519 g010a][image: Energies 12 04519 g010b]







[image: Energies 12 04519 g011a 550][image: Energies 12 04519 g011b 550] 





Figure 11. Electric field distributions with the water film defect: (a) defect and field measurement line from the front view of the cable joint, (b) cross-section view of defect and field measurement line of the cable joint, (c) electric field distribution from the front view of the cable joint, (d) electric field distribution along the front view measurement line, and (e) electric field strength on the cable joint surface. 
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Figure 12. Electric field distributions with the metal debris defect: (a) defect and field measurement line from the front view of the cable joint, (b) defect and field measurement line of the cross-section of the cable joint, (c) electric field distribution from the front view of the cable joint, (d) electric field distribution along the front view measurement line, and (e) electric field strength on the cable joint surface. 
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Figure 13. Electric field distributions with the metal needle defect: (a) front view of the defect and field measurement line of the cable joint, (b) cross-section view of the defect and field measurement line of the cable joint, (c) electric field distribution from the front view of the cable joint, (d) electric field distribution along the front view measurement line, and (e) electric field strength on the cable joint surface. 
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Figure 14. Electric field measurement system schematic. 
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Figure 15. Electric field measurement system setup: (a) the probe on the ball screw structure and (b) the electric field measurement equipment. 
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Figure 16. Artificial defects in the cable joint: (a) air void, (b) water film, (c) metal debris, and (d) metal needle. 
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Figure 17. Electric field measurement results around the cable joint surface with (a) the air void defect, (b) the water film defect, (c) the metal debris defect, and (d) the metal needle defect. 
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Figure 18. Electrical tree distribution after propagation with (a) the air void defect, (b) the water film defect, (c) the metal debris defect, and (d) the metal needle defect. 
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Table 1. Comparison of electric field distributions of four types of defects.
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	Type of Defect
	Field Distortion Tendency
	Field Distortion Magnitude (%)





	Air void
	Decrease
	9.3



	Water film
	Increase
	11.8



	Metal debris
	Increase
	26.2



	Metal needle
	Increase
	29.7
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Table 2. The maximum variances of the electric field strength from five repetitions.
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	Type of Defect
	Maximum Variances of Field Strength (kV2/mm2)





	Air void
	0.00015



	Water film
	0.00021



	Metal debris
	0.00018



	Metal needle
	0.00022
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Table 3. Accumulated errors between the simulation and experiment results.
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	Type of Defect
	Accumulated Error (%)





	Air void
	12.1



	Water film
	11.7



	Metal debris
	18.4



	Metal needle
	19.1
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