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Abstract

:

The space charge characteristics of cross-linked polyethylene (XLPE) can be improved to some extent by doping the appropriate amount of nano-MgO. In this study, in order to explore the influence of nano-MgO on the space charge and electric field distributions of the composite insulation of high voltage direct current (HVDC) cable joints, the effect of nano-MgO concentration on the depth and density of the deep traps in MgO/XLPE was first analyzed. On this basis, the charge transport simulation model of a 320 kV HVDC cable joint was established with MgO/XLPE as the cable insulation, and the space charge and electric field distributions of the cable joint under different temperature conditions were simulated. It was found that the radial charge distribution in the joint shows different trends with the change of nano-MgO concentration. There is a significant difference in the charge density on both sides of the (MgO/XLPE)/EPDM interface, and the difference first decreased and then increased with the increase of concentration. When the nano-MgO concentration was 0.5 wt%, the number of charges in the radial direction is the fewest, and the maximum value is only 0.42 C/m−3. The radial electric field changed abruptly at the (MgO/XLPE)/EPDM interface, and it was homogenized to a certain extent with time. It was found that the highest electric field of the interface is at the root of the stress cone, which is the weakest point of the joint insulation. When the nano-MgO concentration was 0.5 wt%, the electric field at the root of the stress cone was found to be the lowest, with a value of 13.38 kV/mm. A comprehensive comparison shows that the joint can maintain better insulation when the concentration is 0.5 wt% compared to other concentrations. The results can provide a basis for further improving the insulation properties of HVDC cable joints through nano doping technology.
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1. Introduction


High voltage direct current (HVDC) cross-linked polyethylene (XLPE) cables are widely used in long-distance and large-capacity power transmission due to their excellent electrical, thermal, and mechanical properties [1,2]. Cable joints are the key connection components in cable systems. However, at the joint installation part, due to the mismatch between the dielectric parameters of the cable insulation XLPE and the joint insulation Ethylene-propylene-diene monomer (EPDM), space charges are easily accumulated at the interface of XLPE/EPDM, which leads to electrical field distortion, accelerates the insulation aging, and even causes breakdown [3,4,5,6,7]. Therefore, the cable joint has become the weakest link of the HVDC cable system, the reliability of which directly affects the stability of the entire cable line [8,9,10].



With the development of nanotechnology, it has been found that the uniform dispersion of a low number of nanoparticles in polymers can significantly improve the electrical properties of the material [11,12], which is believed to be related to the interfacial region formed between the nanoparticles and the polymer matrix [13,14]. The interfacial region changes the distribution, relaxation, and free volume of the polymer molecular chains, which have significant effects on the charge injection barrier, charge trap depth, and trap density [15,16], and in turn changes the space charge characteristics of the material. Some scholars have proposed different models to describe the properties of nanocomposites based on experiments and theoretical analysis and one of the most representative is the multi-core model proposed by T. Tanaka [16]. As shown in Figure 1, according to the multi-core model, the interfacial region between nanoparticles and the polymer matrix consists of three layers: the innermost layer is the bonded layer, the middle layer is the bound layer, and the outermost layer is the loose layer. The ability of each layer to trap charges is different, and the depth of the charge trap gradually decreases from the inner layer to the outer layer. Studies have shown that adding an appropriate amount of nano-MgO to XLPE can improve the space charge characteristics of the material to a certain extent [14,15,16,17,18]; however, its effects on the space charge characteristics—especially the interfacial charge characteristics of the composite insulation composed of XLPE and EPDM at the actual HVDC cable joint—are not clear.



In this work, in order to clarify the influence of nano-MgO doping for XLPE cable body insulation on the space charge characteristics of the composite insulation at the cable joint, the depths and densities of the deep traps in MgO/XLPE with different nano-MgO concentrations were calculated based on theoretical analysis. Then, combined with the operating characteristics and the structure of 320 kV HVDC cable joint, the charge transport simulation model of the HVDC cable joint was established using multi-physics coupling finite element software. Finally, based on the simulation model and the trap parameters obtained from theoretical analysis, the effects of nano-MgO concentration and temperature distribution of the cable joint on the space charge accumulation (especially the interfacial charge accumulation) and electrical field distribution in the composite insulation composed of MgO/XLPE and EPDM are discussed here in detail. This study provides a certain support for revealing the charge transport mechanism of the composite insulation at the cable joint after the cable body insulation (XLPE) is modified by adding nano-MgO.




2. Trap Parameters Evaluation of MgO/XLPE


2.1. Trap Depth Evaluation


The trap depths of MgO/XLPE with different nano-MgO concentrations are calculated by theoretical analysis on the basis of the space charge measurement results of MgO/LDPE plate samples previously conducted by the current authors. The ultra-clean LDPE pellets and nano-MgO particles with a diameter of 20 nm were used to prepare the MgO/LDPE plate samples and the nano-MgO concentrations were 0 (pure XLPE), 0.1, 0.5, 1.0, and 2.0 wt%, respectively. The space charge measurements were carried out at room temperature and the specific measurement procedure as well as the results can be found in [14]. Based on the apparent trap-controlled mobilities of MgO/LDPE with different nano-MgO concentrations during the depolarization obtained in [19], here we further calculate the trap depth. The apparent trap-controlled mobility decay curves are segmented and each segment can be fitted according to the following equation [20]:


  Δ  U i  = − k T ln  (   μ a    k T   v e  R 2     )   



(1)




where ΔUi is the calculated trap depth, µa is the apparent trap-controlled mobility, v is the escape frequency, k is the Boltzmann constant, T is the temperature, and R is the distance between local states. In this work, the apparent trap-controlled mobility curve segment from 100 s to 200 s was selected to calculate the trap depths of pure XLPE and MgO/XLPE, and the calculated results are shown in Table 1, which are used in the charge transport simulation of HVDC cable joints.




2.2. Trap Density Evaluation


Assuming that the spherical nanoparticles are uniformly distributed in the polymer matrix, the volume fraction of nanoparticles can be expressed as [21,22]:


   f v  =  π 6    (    l n     l n  +  l  ip     )  3   



(2)




where ln is the diameter of the nanoparticle, and lip is the spacing between two nanoparticles. The volume fraction of nanoparticles can also be described as [16]:


   1   f v    =  1   f m       ρ n     ρ p    [ 1 −  f m  ( 1 −    ρ n     ρ p    ) ]  



(3)




where    ρ n    and    ρ p    are the densities of nanoparticles and polymer matrix, respectively; fm is the mass fraction of nanoparticles, which can be calculated as fm = mn/(mn + mp); and mn and mp are the masses of nanoparticles and polymer matrix, respectively. From Equations (2) and (3), the relationship between the spacing, the volume fraction, and the diameter of nanoparticles can be obtained [21]:


   l  ip   =  l n  [   (  π 6   1   f v    )    1 3    − 1 ]  



(4)







According to the multi-core model, deep traps may be formed around each nanoparticle, so the density of deep traps is proportional to (ln + lip)1/3; then, with the doping of nanoparticles, the additional deep trap density introduced into the composite due to the increase in the interfacial region can be expressed as [11]:


   N  Tn   =  ζ /    (  l n  +  l  ip   )  3     



(5)




where  ζ  is the parameter characterizing the formation of deep traps in the interfacial region around the nanoparticle and its value is 10,000 [16]. After adding nanoparticles, the deep trap density in the nanocomposite can be expressed as:


   N T  =  N  Tp   +  N  Tn    



(6)




where NTp is the original deep trap density in the polymer matrix without nanoparticles (NTp of XLPE and EPDM are set to be 100 C/m3 in this simulation, that is, 6.24 × 1020 m−3).



It can be seen from Equations (4)–(6) that with the increase of the nano-MgO concentration, the spacing between nanoparticles decreases significantly, leading to the increase of the deep trap density, and the specific calculation results are shown in Figure 2.



The increase of the deep trap density leads to an increase in the charge trapping coefficient, which further causes more free charges to be converted into trapped charges. The above process in the material after the addition of nano-MgO is shown in Figure 3.



Table 2 shows the calculated deep trap densities for 0, 0.1, 0.5, 1.0, and 2.0 wt% MgO/XLPE, which are used in the charge transport simulation of HVDC cable joints.





3. Charge Transport Simulation of HVDC Cable Joint


3.1. Bipolar Charge Transport Model


In this study, the charge transport of the HVDC cable joint was simulated based on the bipolar charge transport model, which is shown in Figure 4 [4]. The charge transport in the material mainly includes injection, migration, trapping, detrapping, recombination, and extraction of electrons and holes. Under the applied electric field, electrons and holes gain enough energy to overcome the injection barrier and are injected from the cathode and anode into the material. The injected electrons and holes gradually migrate to the opposite electrode; during this process, part of them are trapped and detrapped under the influence of traps. When the charges with opposite polarity meet in the material, recombination occurs, leading to the charge annihilation. When electrons or holes reach the opposite electrode, part of them are extracted, resulting in a decrease in the number of charges in the material [23].



The charge injection at the electrode can be described by Schottky’s equation when the electric field is below 100 kV/mm [24]. The charge transport inside the material can be described by the continuity, Poisson, and conduction equations [23]. The trapping, detrapping, and recombination of charges cause the density of the charge transport to change and this process can be described by the charge source term [25]. Due to the space limitation, the specific equations are not presented here.




3.2. Geometric Model Building and Parameter Setting


The simulation was carried out using a HVDC cable joint model scaled down to 1:1000. Figure 5 shows the schematic diagram of a 1/2 cable joint scaled down to 1:1000 with reference to the actual 320 kV HVDC cable and joint. The line a (marked in blue) represents the radial cross-section of XLPE/EPDM, and line b (marked in red) represents the actual interface between XLPE and EPDM. Points A and B are the endpoints on both sides of the radial cross-section, point C represents the root of the stress cone, and point D is the root of the high voltage shield tube. The lines and points mentioned above are key parts of the model and are discussed in detail in the next section.



The main parameters used in the simulation of the charge transport are shown in Table 3 [23,24]. UtrE is the deep trap depth of EPDM; wie is the injection barrier of electrons on the EPDM side; Be and Bh are the trapping cross-sectional coefficients for electrons and holes, respectively; Net and Nht are the deep trap densities for electrons and holes, respectively; µe and µh are the mobilities of electrons and holes, respectively; S0, S1, S2, and S3 are the recombination coefficients between trapped electrons and trapped holes, trapped electrons and free holes, free electrons and trapped holes, and free electrons and free holes, respectively; and De is the charge detrapping coefficient. According to the authors of [25], it is known that the higher the nano doping concentration, the higher the charge injection barrier. Therefore, it is assumed that the hole injection barriers of 0, 0.1, 0.5, 1.0, and 2.0 wt% MgO/XLPE are 1.27 eV, 1.28 eV, 1.285 eV, 1.29 eV, and 1.295 eV, respectively.



In this paper, the charge trapping cross-section coefficient is expressed as [26]:


   B  (  e , h  )   =   e  N  T (  e , h  )    μ  (  e , h  )    /  (  ε 0   ε r  )    



(7)




where e is the elementary charge, µ(e,h) is the mobility of the free charge,    ε 0    and    ε r    are the vacuum permittivity and the relative permittivity, respectively. The detrapping coefficient of the trapped charge is [27]:


   D  ( e , h )   =  v  A T E   exp (   −  U  t r ( e , h )    /  (  k B  T )   )  



(8)




where vATE is the escape frequency, Utr is the trap depth, and T is the temperature. From Equations (7) and (8), it can be seen that the charge trapping cross-sectional coefficients B(e,h) and the detrapping coefficients D(e,h) of MgO/XLPE vary with the nano-MgO concentration since NT(e,h) and Utr(e,h) are different with different nano-MgO concentrations.





4. Simulation Results and Analysis


The current authors previously conducted a simulation on the steady-state temperature distribution of a 320 kV cable joint and found that, at a rated current of 1400 A, the temperature at the inner shield of the cable was 334.5 K and that at the outer layer of the joint was 325.7 K. The overall temperature was distributed in a gradient, with a temperature difference of 8.8 K between the inside and outside [4]. In this study, the space charge and electric field distributions of the cable joint were simulated at this temperature condition. A voltage of 320 V with positive polarity is applied to the cable (the geometric model was scaled down by 1:1000 so the applied voltage was also scaled down 1000 times).



4.1. Charge and Electric Field Distributions in the Radial Direction of the Cable Joint


Figure 6 shows the space charge density distribution in the radial direction of the cable joint at different times of polarization with different nano-MgO concentrations (the horizontal axis represents line a in Figure 5, and 0 μm and 91 μm represent the endpoints A and B on both sides of line a, respectively). It can be seen that the space charges accumulated in the composite insulation of the cable joint increased gradually with the operation time, and the maximum charge density always appeared in the cable insulation (i.e., MgO/XLPE) near the inner shield side.



The mean values and variances of the charge density at 2000 s in the cable insulation MgO/XLPE, in the joint insulation EPDM, and in the overall joint were further calculated, and the results are shown in Table 4. According to the mean values of the charge density, it can be seen that when the nano-MgO concentrations were relatively low (0 and 0.1 wt%) and the numbers of charges accumulated in MgO/XLPE and EPDM do not obviously change with the increase of nano-MgO concentration. When the nano-MgO concentrations were higher (0.5, 1.0 and 2.0 wt%), the number of charges accumulated in EPDM decreased rapidly with the increase of concentration, while the number of charges in XLPE first decreased and then increased. Furthermore, when the nano-MgO concentration was 0.5 wt%, the number of charges accumulated in the (MgO/XLPE)/EPDM composite insulation was the minimum. According to the variances of the charge density, it is clear that when the nano-MgO concentrations were 0, 0.1 and 0.5 wt%, the charges accumulated in MgO/XLPE were more uniformly distributed compared to those in EPDM. When the concentrations were 1.0 and 2.0 wt%, the results are reversed. In addition, when the nano-MgO concentration was 1.0 wt%, the space charge distribution within the (MgO/XLPE)/EPDM composite insulation was the most uniform.



When the nano-MgO concentrations were low (0 and 0.1 wt%), the deep trap depth of pure XLPE was higher than that of 0.1 wt% MgO/XLPE but, as shown in Figure 2, the deep trap density of 0.1 wt% MgO/XLPE was higher than that of pure XLPE, resulting in no obvious change in the number of charges accumulated in the joint insulation when the concentration increased from 0 to 0.1 wt%. When the nano-MgO concentrations were higher (0.5, 1 and 2 wt%), it can be seen in Table 1 and Figure 2 that the deep trap depth and deep trap density of MgO/XLPE both gradually increased with the increase of concentration. Additionally, according to Equations (7) and (8), it can be seen that the charge trapping cross-section coefficient gradually increased and the detrapping coefficient gradually decreased. All of these factors together cause more charges to be trapped and to be difficult to get out of the traps. As a result, the holes injected from the inner shield massively accumulate in MgO/XLPE while those that can migrate into EPDM reduce. Therefore, when the nano-MgO concentrations are relatively high, with the increase of concentration, the number of charges accumulated in EPDM gradually decreases, while that in MgO/XLPE gradually increases.



In addition, it can be seen in Figure 6 that with the increase of nano-MgO concentration, the charge density difference between both sides of the (MgO/XLPE)/EPDM interface first decreased and then increased. When the concentrations were low (0 and 0.1 wt%), the charge density on the MgO/XLPE side of the (MgO/XLPE)/EPDM interface was higher than that on the EPDM side. When the concentrations were high (0.5, 1.0, 2.0 wt%), the results are reversed.



As can be seen in Table 1, when the nano-MgO concentrations were 0 and 0.1 wt%, the deep trap depth of MgO/XLPE gradually decreased with the increase of nano-MgO concentration and was always lower than that of EPDM, so the holes can cross the (MgO/XLPE)/EPDM interface and can migrate deeper into EPDM, resulting in a higher charge density on the MgO/XLPE side than on the EPDM side of the interface, and the charge density difference can gradually decrease. When the nano-MgO concentrations were 1.0 and 2.0 wt%, the deep trap depth of MgO/XLPE gradually increased with the increase of concentration and was higher than that of EPDM. As can be seen in Figure 2, the deep trap density also gradually increased under this condition, so a high number of holes accumulated in MgO/XLPE, causing the charge density on the MgO/XLPE side of the (MgO/XLPE)/EPDM interface to be higher than that on the EPDM side. At the same time, the migration range of holes in EPDM reduced, leading to a gradual increase in the charge density difference between the two sides of the interface. For the case where the nano-MgO concentration was 0.5 wt%, the deep trap depth was lower than when the concentrations were 0 and 0.1 wt%; however, the deep trap density was much higher in the former. As a result, the charge density on the MgO/XLPE side of the (MgO/XLPE)/EPDM interface is slightly higher than that on the EPDM side when the concentration is 0.5 wt%.



Figure 7 shows the electric field distributions in the radial direction in the cable joint at different polarization times with different nano-MgO concentrations (the horizontal axis in the figure represents line a in Figure 5, and 0 μm and 91 μm represent the endpoints A and B on both sides of line a, respectively). In the figure, it can be seen that the electric field distribution in the cable joint shows an overall downward trend. The electric field in the cable insulation MgO/XLPE is higher, while that in the joint insulation EPDM is lower, and the electric field variation in EPDM is smoother than that in MgO/XLPE. Due to the space charge accumulation, the electric field changed abruptly at the intermediate interface.



With the extension of time, the electric field in MgO/XLPE gradually decreased while that in EPDM gradually increased. It is obvious that the decrease of the electric field in MgO/XLPE is more significant than the increase in EPDM; however, the electric field in MgO/XLPE is always higher than that in EPDM. Under the simulation conditions used in this study, there is no electric field inversion in the cable joint. Due to the decrease of the electric field in MgO/XLPE and the increase of the electric field in EPDM, the overall distribution of electric field in the cable joint was homogenized to a certain extent.



In addition, compared to other concentrations, when the nano-MgO concentration was 0.1 wt%, the maximum electric field in MgO/XLPE (that is, the electric field near the inner shield) was lower, with a value of 6.62 kV/mm, while the minimum electric field in EPDM (that is, the electric field near the outside of the joint insulation) was higher, with a value of 2.42 kV/mm. The difference between the two is the smallest, which is 2.40 kV/mm. Therefore, when the concentration of nano-MgO is 0.1 wt%, the electric field distribution in the cable joint is the most uniform.




4.2. Charge and Electric Field Distributions at the Interface of the Cable Joint


Figure 8 shows the space charge density distribution at the (MgO/XLPE)/EPDM interface of the cable joint at different polarization times with different nano-MgO concentrations (the horizontal axis in the figure represents line b in Figure 5, and 0 μm and 211 μm represent the endpoints C and D on both sides of line b, respectively).



As can be seen, the charge density at the (MgO/XLPE)/EPDM interface in the cable joint shows an increasing trend with the extension of time. When the concentrations are 0 and 0.1 wt%, a low number of negative charges initially accumulate near point C at the root of the stress cone, the charges turn positive, and the number increases gradually with time. In the vicinity of point D, positive charges always accumulate and gradually increase with time. The number of charges accumulated near point C is significantly more than that near point D. At concentrations of 0.5, 1.0, and 2.0 wt%, the number of charges near point C increases first and then decreases, and the polarity is always negative. The charge accumulation near point D is similar to that at the concentration of 0 and 0.1 wt%, but the positive charges accumulated near point D are significantly more than the negative charges near point C at this time.



Since the stress cone is grounded, a low number of negative charges are initially accumulated near point C at the root of the stress cone. With the extension of time, the number of holes injected from the inner shield gradually increased. When the nano-MgO concentrations were 0 and 0.1 wt%, the depth and density of deep traps in MgO/XLPE were relatively low, so the injected holes were more likely to migrate to the (MgO/XLPE)/EPDM interface, resulting in the charges accumulated near point C changing from negative to positive, and the amount gradually increased with time. When the nano-MgO concentration increased to 0.5 wt%, the trap depth of MgO/XLPE was still low, but the trap density and the charge injection barrier increased, which leads to a decrease in the number of holes injected from the inner shield, and an increase in the time required for holes to migrate to the (MgO/XLPE)/EPDM interface, causing a slight increase and then decrease in the number of negative charges near point C. When the concentrations were 1.0 and 2.0 wt%, the depth and density of the deep traps in MgO/XLPE were higher, leading to a high number of holes accumulated near the inner shield, and the time required for holes to migrate to the (MgO/XLPE)/EPDM interface was further prolonged, resulting in a significant increase and then decrease in the number of negative charges at the interface near point C.



Figure 9 shows the electric field distributions at the (MgO/XLPE)/EPDM interface (the horizontal axis in the figure represents line b in Figure 5, and 0 μm and 211 μm represent the endpoints C and D on both sides of line b, respectively). As can be seen, the electric field at the interface is high at both ends and low in the middle, and is the highest at the root of the stress cone, indicating that the root of the stress cone is the insulation weak point, so the electric field at this position is mainly analyzed here.



With the extension of time, the electric field near point C gradually increased when the concentrations of nano-MgO were 0, 0.1, and 1.0 wt%; decreased when the concentration was 0.5 wt%; and first decreased then increased when the concentration was 2.0 wt%. The change of electric field near point C at different nano-MgO concentrations is related to the variation of the charges accumulated there. At the last moment of polarization (2000 s), the electric field at the root of the stress cone was relatively low when the nano-MgO concentrations were 0, 0.5, and 1.0 wt%, and the lowest electric field was found at a concentration of 0.5 wt%, with a value of 13.38 kV/mm. When the concentrations were 0.1 and 2.0 wt%, the electric fields at the root of the stress cone were higher, with values exceeding 15 kV/mm. Therefore, under the simulation conditions taken in this work, the electric field at the root of the stress cone is the lowest when the concentration of nano-MgO is 0.5 wt%, which may be related to the fact that, at that time, the charges accumulated near the stress cone are fewer and the polarity is negative (consistent with the polarity of the stress cone).



According to the above discussion, when the nano-MgO concentration is 0.5 wt%, the interfacial electric field near the point C at the stress cone root is low at the final moment of polarization. At the same time, as can be seen in Figure 6, the number of charges accumulated within the double-layer composite insulation is also low at that time. Therefore, it can be considered that when the concentration of nano-MgO is 0.5 wt%, the joint can maintain better electrical insulation and operational state compared to other concentrations.




4.3. Effect of Temperature Difference on Charge and Electric Field Distributions


In order to more comprehensively reflect the space charge and electric field distribution characteristics inside the cable joint when the nano-MgO concentration is 0.5 wt%, a simulation of the space charge and electric field distribution under different temperature differences between the inner and outer sides of the joint was carried out. The temperature differences were set at 10, 15, 20, 25, and 30 K. The high voltage shield tube side is the high-temperature side with a constant temperature of 334.5 K and the outer side of EPDM is the low-temperature side with temperatures of 324.5, 319.5, 314.5, 309.5, and 304.5 K, respectively.



Figure 10 shows the distributions of the charge density and electric field of the (MgO/XLPE)/EPDM interface at 2500 s under different temperature differences with a nano-MgO concentration of 0.5 wt% (the horizontal axis in the figure represents line b in Figure 5, 0 μm and 211 μm represent endpoints C and D on both sides of line b, respectively). As shown in the figure, the charges accumulated at the (MgO/XLPE)/EPDM interface are all positive; the greater the temperature difference, the closer to the root of the stress cone, and more positive charges are accumulated. With the increase of the temperature difference, the increase of the interfacial charges gradually slows down, the number of charges tends to be saturated, and the electric field distribution also has a similar trend.



In this simulation, the inner shield side is the high-temperature side with a constant temperature, while the outer side of the joint insulation is the low-temperature side and the temperature varies with the temperature difference. The high temperature on the inner shield side could promote the hole injection and diffusion as well as the migration within the MgO/XLPE; thus, a high number of holes could migrate to the (MgO/XLPE)/EPDM interface. As the temperature difference increases, the outer temperature of the joint insulation EPDM gradually decreases, leading to the decrease of the number of electrons injected into EPDM, the decrease of electron mobility, and a greater difficulty for trapped electrons to get detrapped. As a result, the number of electrons that actually migrate to the interface and recombine with the holes decreases, so the polarity of the charges accumulated at the interface is positive and the number gradually increases with the increase of temperature difference.



Furthermore, in the current authors’ previous work, it was found that the closer to the root of the stress cone, the higher the temperature at the interface [4]. Similarly, the higher the temperature, the greater the charge mobility. Moreover, combined with Equations (7) and (8), it can be seen that the charge trapping cross-section coefficient and the detrapping coefficient both increase with the increase of temperature. As shown in Figure 10, the closer to the root of the stress cone, the higher the number of charges accumulated, which indicates that the promotion of charge trapping at the root of the stress cone is greater than that of charge detrapping at a high temperature.



Figure 11 shows the charge density and electric field distributions in the radial direction of the cable joint at 2500 s under different temperature differences with a nano-MgO concentration of 0.5 wt% (the horizontal axis in the figure represents line a in Figure 5, 0 μm and 91 μm represent the endpoints A and B on both sides of line a, respectively). As shown in the figure, with the increase of the temperature difference, the positive charges accumulated in the cable insulation MgO/XLPE gradually increases. The position where the maximum electric field appears gradually changes from the inner shield side to the middle of MgO/XLPE. The electric field in MgO/XLPE gradually decreases, and the farther the distance from the interface, the smaller the temperature difference, and the faster the electric field decreases.



It is also noted that with the increase of the temperature difference, the charge density curves in EPDM crossed over. The charge density near the (MgO/XLPE)/EPDM interface monotonically increased with the increase of the temperature difference, while the charge density near the outside of the joint insulation first increased and then decreased. The electric field distribution in EPDM has a similar trend.



This is due to the fact that, with the increase in the temperature difference, the overall temperature inside the joint decreases, which inhibits the charge migration and detrapping to a certain extent. For MgO/XLPE, the migration and detrapping of the injected holes are inhibited and the accumulation of holes near the inner shield weakens the electric field there to some extent, so that further hole injection is inhibited, leading to a gradual increase in the positive charges accumulated in MgO/XLPE as the temperature difference increases. Additionally, the location where the charge density maximum appears gradually changes from the inner shield side to the middle of MgO/XLPE.



For EPDM, the increase in the temperature difference was not beneficial to the migration of holes to the outside of the joint insulation, and made the injection and migration of electrons from the outside of the joint insulation more difficult. Moreover, since the number of holes injected was much higher than the number of electrons injected, the temperature difference had a more obvious effect on holes, which made the charge curves intersect.





5. Conclusions


In order to clarify the influence of nano-MgO doping for XLPE cable insulation on the space charge characteristics of the composite insulation at the cable joint, the depths and densities of the deep traps in MgO/XLPE under different nano-MgO concentrations were calculated, based on which a charge transport simulation model of a 320 kV HVDC cable joint with nano-MgO/XLPE as the cable insulation was established. Then, the space charge and electric field distributions in the cable joint were simulated and are discussed here in detail. The main conclusions are as follows:




	(1)

	
The radial charge distribution of the cable joint does not significantly change when the nano-MgO concentrations are 0 and 0.1 wt%. With a further increase in the concentration, the accumulated charges in MgO/XLPE first increased and then decreased, while the charges in EPDM monotonically decreased. There is a difference in charge density between the two sides of the (MgO/XLPE)/EPDM interface, and the difference first decreased and then increased with the increase of nano-MgO concentration. When the concentration was 0.5 wt%, the radial charges in the joint were the fewest. This conclusion provides support for revealing the charge transport mechanism of the cable joint after the cable insulation (XLPE) is modified by adding nano-MgO.




	(2)

	
Due to the difference in charge density between both sides of the (MgO/XLPE)/EPDM interface, the radial electric field in the joint with different nano-MgO concentrations abruptly change at the interface. With the extension of time, the electric field decreased in MgO/XLPE while it increased in EPDM, and the radial electric field of the joint was homogenized to some extent. This conclusion provides support for clarifying the electric field distribution of the cable joint after the cable insulation (XLPE) is modified by adding nano-MgO.




	(3)

	
When the nano-MgO concentration is 0.5 wt%, the number of charges accumulated in the radial direction of the joint was the fewest, and the electric field at the root of the stress cone was the lowest. Therefore, it can be considered that the joint can maintain better performance when the concentration is 0.5 wt% compared with other concentrations. This conclusion provides a reference for improving the insulation performance of the cable joint by nano-MgO addition.




	(4)

	
When the nano-MgO concentration was 0.5 wt%, with the increase of the temperature difference of the cable joint, the number of charges accumulated at the (MgO/XLPE)/EPDM interface gradually increased and had a tendency to be saturated. The charges in MgO/XLPE gradually increased, and the position of the maximum value gradually appeared from the inner shield side to the middle of MgO/XLPE, while the charge density curves in EPDM intersected.
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Figure 1. Schematic diagram of multi-core model. 
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Figure 2. The relation between the nano-MgO concentration and the interparticle spacing and deep trap density. 
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Figure 3. The trap and charge distribution in the material before and after nano-MgO addition: (a) pure XLPE; (b) MgO/XLPE. 
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Figure 4. Schematic diagram of the charge transport process in the bipolar charge transport model. 
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Figure 5. Schematic diagram of the cable joint: 1—stress cone; 2—EPDM (joint insulation); 3—high voltage shield tube; 4—XLPE (cable insulation); 5—conductor shield; 6—cable core. 
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Figure 6. The radial space charge density distributions in the cable joint with different nano-MgO concentrations: (a) 0 wt% nano-MgO; (b) 0.1 wt% nano-MgO; (c) 0.5 wt% nano-MgO; (d) 1.0 wt% nano-MgO; (e) 2.0 wt% nano-MgO. 
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Figure 7. The radial electric field distributions in the cable joint with different nano-MgO concentrations: (a) 0 wt% nano-MgO; (b) 0.1 wt% nano-MgO; (c) 0.5 wt% nano-MgO; (d) 1.0 wt% nano-MgO; (e) 2.0 wt% nano-MgO. 
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Figure 8. Space charge density distributions at the (MgO/XLPE)/EPDM interface with different nano-MgO concentrations: (a) 0 wt% nano-MgO; (b) 0.1 wt% nano-MgO; (c) 0.5 wt% nano-MgO; (d) 1.0 wt% nano-MgO; (e) 2.0 wt% nano-MgO. 
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Figure 9. Electric field distributions at the (MgO/XLPE)/EPDM interface with different nano-MgO concentrations: (a) 0 wt% nano-MgO; (b) 0.1 wt% nano-MgO; (c) 0.5 wt% nano-MgO; (d) 1.0 wt% nano-MgO; (e) 2.0 wt% nano-MgO. 
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Figure 10. The charge density and electric field distributions at the (MgO/XLPE)/EPDM interface under different temperature differences with nano-MgO concentration of 0.5 wt%. 
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Figure 11. The charge density and electric field distributions in the radial direction of cable joint under different temperatures with nano-MgO concentration of 0.5 wt%. 
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Table 1. Trap depths of the MgO/XLPE with different nano-MgO concentrations.
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	Nano-MgO Concentration/wt%
	0
	0.1
	0.5
	1.0
	2.0





	UtrX/eV
	0.946
	0.941
	0.939
	0.963
	0.966
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Table 2. Deep trap densities of MgO/XLPE with different nano-MgO concentrations.
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	Nanocomposites/wt%
	0
	0.1
	0.5
	1
	2





	NT/m−3
	6.24 × 1020
	2.40 × 1022
	1.20 × 1023
	2.39 × 1023
	4.78 × 1023
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Table 3. Parameters for the charge transport simulation of the cable joint.
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	Parameters
	MgO/XLPE
	EPDM





	UtrE/eV
	/
	0.948



	wie/eV
	/
	1.26



	De
	vATEexp(−Utrx/(kBT))
	vATEexp(−Utr/(kBT))



	Be/s−1
	  e  N T   µ e  / (  ε 0   ε r   )
	  e  N T   µ e  / (  ε 0   ε m   )



	Bh/s−1
	  e  N T   µ h  / (  ε 0   ε r   )
	  e  N T   µ h  / (  ε 0   ε m   )



	Net/C·m−3
	100 + NTn
	100



	Nht/C·m−3
	100 + NTn
	100



	µe/m2·V−1·s−1
	2.6 × 10−6 exp(−0.54/kT)
	2 × 10−5 exp(−0.54/kT)



	µh/m2·V−1·s−1
	1 × 10−6 exp(−0.6/kT)
	2 × 10−5 exp(−0.6/kT)



	S1, S2, S3/m3·V−1·s−1
	0.05
	0.05



	S0/m3·V−1·s−1
	0
	0
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Table 4. The mean values and variances of the space charge density in different parts of the cable joint at 2000 s.
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Nanocomposites/wt%

	
0

	
0.1

	
0.5

	
1

	
2






	
MgO/XLPE/(C/m−3)

	
mean values

	
0.6735

	
0.6750

	
0.5269

	
0.7339

	
0.7802




	
variances

	
0.0058

	
0.0043

	
0.0072

	
0.0250

	
0.0718




	
EPDM/(C/m−3)

	
mean values

	
0.5474

	
0.5585

	
0.2272

	
0.1247

	
0.0578




	
variances

	
0.0399

	
0.2070

	
0.0190

	
0.0095

	
0.0077




	
(MgO/XLPE)/EPDM/MAXIAOYU(C/m−3)

	
mean values

	
0.6024

	
0.6111

	
0.4113

	
0.3997

	
0.1933




	
variances

	
0.0288

	
0.0166

	
0.0351

	
0.1088

	
0.0756
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