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Abstract

:

Electrical tree is an important factor in the threat of the safety of cross-linked polyethylene (XLPE) insulation, eventually leading to the electrical failure of cables. Polycyclic compounds have the potential to suppress electrical treeing growth. In this paper, three types of polycyclic compounds, 2-hydroxy-2-phenylacetophenone, 4-phenylbenzophenone, and 4,4′-difluorobenzophenone are added into XLPE, denoted by A, B, and C. Electrical treeing characteristics are researched with DC-impulse voltage at 30, 60, and 90 °C, and the trap distribution and carrier mobility are characterized. It has been found that although three types of polycyclic compounds can all suppress the electrical tree propagation at different voltages and temperatures, the suppression effect of these polycyclic compounds with the same DC-impulse polarity is worse than with the opposite polarity. As the temperature increases, the suppression effect becomes weak. The energy level and deep trap density are the largest in XLPE-A composite, leading to a decrease in the charge transportation and resulting in the suppression of electrical treeing growth. Experimental results reveal that the polycyclic compound A has great application prospects in high voltage direct current (HVDC) cables.
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1. Introduction


Cross-linked polyethylene (XLPE) is wildly used in HVDC cables as the insulation material. Electrical tree degradation is an important issue to deteriorate overall insulation level, eventually leading to the electrical failure of cables [1,2,3]. Researchers have tried many ways to improve the electrical tree breakdown resistance of high voltage (HV) cables, including material blending modification, nanoparticle modification, and polycyclic compound modification [4,5,6]. Results showed that polycyclic compound had an excellent function of suppressing electrical treeing in polymeric insulating material [7,8]. The America Dow Chemical Company studied the effects of a series of siloxane polycyclic compounds containing pendant aromatic groups on the growth characteristics of electrical tree. It was found that the aromatic ring side groups are indispensable groups for suppressing electrical tree [9]. It was also found that aromatic ketones and diketones had great effects on inhibiting electrical treeing growth in XLPE and polyethylene (PE) [5,10]. Although much research has been carried out on the suppression effect of polycyclic compounds on electrical tree growth, the relationship between polycyclic compounds, charges, trapping levels, and electrical treeing is still unclear.



Research presented a lot of methods to analyze the electrical treeing process. The acoustic emission method and artificial neural networks were used in the detection of the treeing process [11,12]. In addition, imaging techniques such as transmission electron microscope (TEM), scanning electron microscope (SEM), or X-ray computed tomography (XCT) were used to reveal the more complete representation of the electrical treeing phenomenon [13]. Electrical treeing is a kind of cumulative breakdown which is also associated with the charge movement and trap distribution [14,15]. In the process of electron trapping and recombination, the hot electrons gain energy, impact, and destroy the molecular chains of polymer, forming the new electrical tree channel [16,17]. The deep trap level can capture mobile hot electrons, resulting in the decrease of the internal free charge [18]. However, little research has been done on the relationship between electrical tree and trap distribution in the XLPE/polycyclic compound composite.



In the DC transmission system, due to the on and off operations of power electronic devices, impulse overvoltage occurs. The lightning events and operating conditions may also cause lightning and operating overvoltage [19,20,21]. These impulse voltages are superimposed on the rated DC voltage to produce the DC-impulse voltage that affects the insulation electrical tree degradation process [22,23]. The electrical initiation and treeing characteristics in epoxy resin and polypropylene (PP) with DC-impulse voltage were studied, respectively [24,25]. Results revealed that the electrical treeing characteristics with DC-impulse voltage was different from those with DC voltage, and the polarity of impulse voltage had a significant effect on the electrical initiation and growth characteristics. However, at present, research on the effect of polycyclic compound on electrical tree suppression mostly focuses on AC voltage, and the electrical tree dependence on polycyclic compounds with DC-impulse voltage still needs to be studied. In addition, due to the heat generated by the large current, during the operation of HVDC cables, cables operate under high temperature conditions for a long time [26]. The maximum long-term design temperature of XLPE cables is generally 90 °C, and the operating temperature is usually around 50–60 ° C [27]. It was found that high temperature affected the charge movement and partial discharge characteristics in the insulation, thus affecting the electrical treeing process [28,29]. However, most studies on polycyclic compounds are carried out at room temperature, and the effect of high temperature on polycyclic compounds still needs to be further studied.



In this paper, XLPE is employed as the polymer matrix, and three types of polycyclic compounds with the content of 0.5% are added into the XLPE. The electrical treeing properties of XLPE/ polycyclic compound composites are researched with DC-impulse voltage at 30, 60 and 90 °C. In addition, the trap distribution and carrier mobility behaviors are also studied to further reveal the mechanism of polycyclic compounds fillers on electrical treeing growth.




2. Experiment


2.1. Test Samples and Electrode Arrangement


This paper selects three types of polycyclic compounds. The polycyclic compound 2-hydroxy-2-phenylacetophenone is denoted by A, which is produced by J&K Scientific Ltd. The polycyclic compound 4-phenylbenzophenone is denoted by B, which is produced by Shanghai Macklin Biochemical Co., Ltd. The polycyclic compound 4,4′-difluorobenzophenone is denoted by C, which is produced by J&K Scientific Ltd. The molecular structures of these polycyclic compounds are shown in Figure 1. The neat XLPE was supplied by Borealis Company. At 110 °C, we put the appropriate amount of XLPE into the mixer and mixed for 3 min. Then we weighed an amount of 0.5 wt% polycyclic compound and added it to the internal mixer. We then mixed for 10 min to make it evenly dispersed in XLPE. Then we used the flat vulcanizing machine and the special mold to make the needle-plate electrode samples [30]. The distance between the tip and the ground electrode was 2 ± 0.1 mm. The needle electrode diameter and curvature radius were 300 μm and 3 μm, respectively.




2.2. Experimental Apparatus and Procedure


Figure 2 shows the schematic diagram of the experimental setup. The electrical tree experiment was carried out in the high temperature environment experimental platform. The sample was placed in a heat-resistant glass cylinder with dimethyl silicone oil, which could effectively prevent surface flashover of the sample during the experiment. In addition, silicone oil could also fill the surface of the sample to increase the transparency of the sample, improving the clarity of the electrical tree observation. The high temperature environment was provided by the resistance wires on both sides of the heat-resistant glass cylinder, and the maximum operating temperature was 200 °C. The experimental temperature was set to 30, 60, and 90 °C to make a temperature gradient. After the temperature reached the set temperature during the experiment, the sample was allowed to stand in the incubator for 10 min to ensure that the temperature of the material was consistent with the environment. The DC-impulse voltage was generated by the DC-impulse power source, which consisted of a DC power source and impulse power source [31]. The DC voltage was applied at a rate of 1 kV/s. After 1 min, the impulse voltage was applied at a rate of 1 kV/s. In order to reduce the error, each set of experiments was repeated 20 times. Because the electrical treeing initiation and breakdown phenomenon had a great relationship with the relative polarity of the impulse voltage with DC-impulse voltage [25], the electrical treeing characteristics with −25 kV DC and ±35 kV impulse voltage were measured to analyze the suppression effect of polycyclic compounds with DC-impulse voltage. The impulse voltage frequency was 400 Hz. The equivalent circuit of the experimental configuration is shown in Figure A1 in our Appendix A. The electrical tree imaging system included a computer, microscope unit, and a cold light source. The microscope unit consisted of an objective lens, an eyepiece, and a charge-coupled device (CCD). The CCD was a high-resolution imaging device. The camera multiplier was 1× and the highest resolution was 1024 × 768 pixels. The three objective magnifications were 4×, 10×, 40×, and the eyepiece magnification was 10×. The accumulated damage was used to analyze the electrical treeing characteristics. The accumulated damage refers to the number of pixels in the area covered by the electrical tree, which can be used to characterize the damage area of electrical tree to insulating materials, and to describe the development trend of electrical tree in space [29,32]. The accumulated damage was calculated using Matlab language. The specific calculation method was divided into three steps. The first step was to take a photo of the entire electrical branch with a pixel value of 500 × 500 pixels. In the second step, the image was subjected to filtering binarization to obtain a black and white image. The third step was to count the total number of pixels in the black area of the image. The value obtained is the accumulated damage value of the electrical tree.



The surface potential decay (SPD) technique is an effective method for measuring trap distribution behaviors [33]. The surface charge test system consisted of an HVDC power supply, a pin-gate-plate electrode system, a TREK type surface potentiometer (including a Kelvin type vibrating probe), and a constant temperature and humidity chamber. The vertical distance from the tip of the needle electrode to the gate electrode, and the vertical distance from the gate electrode to the surface of the sample were both 5 mm. The Kelvin vibrating probe was fixed with an epoxy holder with a vertical distance of 3 mm from the surface of the specimen. Charge was injected onto the surface of the sample for a charge time of 10 min. After the corona was over, we moved the center of the sample quickly below the surface potential measurement probe. The experimental temperature was set to 30, 60, and 90 °C with a relative humidity of ~20%. In this paper, the distribution of trap energy level (Et) and the trap density (Nt) are calculated to analyze the electrical property behaviors [34]. The carrier mobility was also calculated [35], which can obtain the characteristics of charge transportation.





3. Results


3.1. Electrical Tree Degradation


3.1.1. Tree Structure


The structure of electrical tree in polymer is related to certain combined factors: voltage waveform, temperature, and polymer fillers [36,37,38]. Table 1 shows the electrical tree structure distribution at 1 min. Figure 3 shows the electrical tree structures of the neat XLPE and polycyclic compound modified samples. Figure 3a,b show the compared electrical tree structures with −25 kV DC and +35 kV impulse voltages (the opposite polarity). Figure 3c,d show the compared electrical tree structures with −25 kV DC and −35 kV impulse voltages (the same polarity). The treeing times for both are 1 min for the convenience of comparison. In order to save space, only modified samples with a type A polycyclic compound were selected for comparison with neat XLPE samples. The electrical tree structures of XLPE-B and XLPE-C are shown in Figure A2 in our Appendix A. It can be seen that the electrical tree structures of neat XLPE samples are not affected by the temperature and the DC-impulse voltage waveform, which are branch trees. These results are consistent with the results in the literature [22], of which the electrical tree structures of PP samples are not affected by the DC-impulse voltage waveform at room temperature. After the addition of the polycyclic compound, the electrical tree structure changes, which are related to the polycyclic compound type. For XLPE-A samples, with −25 kV DC and +35 kV impulse voltage (the opposite polarity), the tree structures change to bush trees at 30 and 60 °C and it is double tree at 90 °C. With −25 kV DC and −35 kV impulse voltage (the same polarity), the tree structures change to bush trees at 30 °C. However, they are still branch trees at 60 and 90 °C. For XLPE-B and XLPE-C, the tree structures are double tree at 30 °C. However, they are still branch trees at 60 and 90 °C.




3.1.2. Electrical Treeing Characteristics with Opposite Polarity DC-Impulse Voltage


Figure 4 shows the electrical treeing characteristics of a representative electrical tree with opposite polarity DC-impulse voltage; Figure 4a is the relationship of the electrical tree length and the treeing time; Figure 4b is the relationship of the accumulated damage and the treeing time. The treeing voltage is +35 kV impulse superimposed −25 kV DC voltage, of which the impulse voltage polarity is opposite to the DC voltage polarity. The treeing time is 60 s, and the experimental temperatures are respectively 30, 60, and 90 °C. The electrical tree length of XLPE-A composite is 167 μm at 30 °C in 60 s and is reduced by 74.8% compared to the neat XLPE; the accumulated damage of XLPE-A is 0.5 × 103 pixels at 30 °C in 60 s and is reduced by 97.6% compared to the neat XLPE. The electrical tree length of XLPE-A is reduced by 69.9% at 60 °C in 60 s compared to the neat XLPE and the accumulated damage is reduced by 64%. At 90 °C, the electrical tree length of XLPE-A is reduced by 68.5% and the accumulated damage is reduced by 59.6%. For XLPE-B composites, the electrical tree length and accumulated damage are respectively reduced by 51.7% and 87.9% at 30 °C, 51.4% and 36.4% at 60 °C, and 50.3% and 31.6% at 90 °C in 60 s. For XLPE-C composites, the electrical tree length and accumulated damage is respectively reduced by 34.3% and 41.7% at 30 °C, 32.2% and 19.1% at 60 °C, and 30.8% and 26.3% at 90 °C. The experimental results reveal that the three type of polycyclic compounds all inhibit the length and accumulated damage of the electrical tree. Among them, the polycyclic compound A has the best effect, the type B is second, and the type C has the worst effect. It can be concluded that as the temperature increases, although the three polycyclic compounds still inhibit the growth of electrical trees, the effect of inhibition becomes weak.




3.1.3. Electrical Treeing Characteristics with the Same Polarity DC-Impulse Voltage


Figure 5 shows the electrical treeing characteristics of a representative electrical tree with the same polarity DC-impulse voltage; Figure 5a is the relationship of the electrical tree length and the treeing time; Figure 5b is the relationship of the accumulated damage and the treeing time. The treeing voltage is −35 kV impulse superimposed −25 kV DC voltage, of which the impulse voltage polarity is the same as the DC voltage polarity. The electrical tree length of XLPE-A is 379 μm at 30 °C in 60 s and is reduced by 71.9% compared to the neat XLPE; The accumulated damage of XLPE-A is 9.1 × 103 pixels at 30 °C in 60 s and is reduced by 72.1% compared to the neat XLPE. The electrical tree length of XLPE-A is reduced by 57.3% at 60 °C in 60 s compared to the neat XLPE and the accumulated damage is reduced by 63.2%. At 90 °C, the electrical tree length of XLPE-A is reduced by 22.9% and the accumulated damage is reduced by 46.8%. For XLPE-B composites, the electrical tree length and accumulated damage are respectively reduced by 46.7% and 44.8% at 30 °C, 20.5% and 32.5% at 60 °C, and 14% and 29.1% at 90 °C. For XLPE-C composites, the electrical tree length and accumulated damage are respectively reduced by 31.9% and 26.4% at 30 °C, 23.8% and 16.9% at 60 °C, and 3% and 10.2% at 90 °C. The three polycyclic compounds all inhibit the growth of the electrical tree, and the polycyclic compound A has the best effect, which is consistent with the results that have an opposite polarity DC-impulse voltage. The effect of temperature on the polycyclic compound is still the same as that with the opposite polarity. As the temperature increases, the suppression effect of the three polycyclic compounds becomes weak. It can be concluded that the suppression effect of the three types of polycyclic compounds with the same polarity is worse than with the opposite polarity.





3.2. Trap Distribution and Carrier Mobility Behaviors


There are many trap levels in the forbidden band of polymer materials. The formation of trap levels is complicated, and many factors affect the trap level, including molecular chain end groups, branches, amorphous regions and crystallization regions, polarizing groups, impurities, etc., as well as various physical chemistry effects that cause structural defects in materials [39]. After the polycyclic compound is added to the XLPE, the trap distribution and the carrier mobility behaviors change accordingly. In this section, the variation of the trap distribution and the carrier mobility behaviors of representative XLPE/polycyclic compounds at different temperatures are obtained, as shown in Figure 6. Figure 6(a1) compares the trap distribution behaviors of different samples at 30 °C. It can be seen that the trap distribution of the neat XLPE sample exhibits a double peak shape, for which a peak appears at a shallower trap level, and a peak appears at a deeper trap level. However, there is only one deep trap peak of the XLPE/polycyclic compound composites, indicating that the number of shallow traps is small. It can be seen from Table 2 that the deep trap depth of the neat XLPE sample is 0.88 eV at 30 °C. After adding the polycyclic compound, the deep trap depth is among 0.93 eV to 0.97 eV at 30 °C. It can be concluded that the deep trap level of the XLPE/polycyclic compounds composites increases, and the corresponding trap density increases, indicating that the addition of the polycyclic compounds introduces deep traps inside the XLPE sample. Among them, trap depth of the XLPE-A composite is the largest, XLPE-B is second largest, and trap depth of XLPE-C is the smallest. Figure 6(b1) compares the carrier mobility of different samples at 30 °C. The neat XLPE sample has a carrier mobility of 12.5 × 10−14 m2V−1s−1, the XLPE-A has a carrier mobility of 0.5 × 10−14 m2V−1s−1, the XLPE-B has a carrier mobility of 2 × 10−14 m2V−1s−1, and the XLPE-C has a carrier mobility of 5.6 ×10−14 m2V−1s−1. It is more difficult for charges to escape from deep traps than shallow traps [35]. After the polycyclic compound is added, the depth of the deep trap becomes larger, and the charge trapped by the deep trap is more difficult to transfer from the deep trap to the ground electrode, so that the carrier mobility of samples becomes smaller [11]. Figure 6(a2,a3) compare the trap distribution behaviors of different samples at 60 and 90 °C. The neat XLPE has a shallow trap depth of 0.85 eV and a deep trap depth of 0.91 eV at 60 °C. After adding A, B, and C polycyclic compounds, only deep traps are measured and the depths are 0.97, 0.94, and 0.93 eV, respectively. The neat XLPE has a shallow trap depth of 0.91 eV and a deep trap depth of 1 eV at 90 °C. After adding three types of polycyclic compounds, A, B, and C, the shallower trap depths are 0.98, 0.95, and 0.92 eV, respectively. The deeper trap depths are 1.02, 1.02 and 1.01 eV, respectively. Figure 6(b2,b3) compare the carrier mobility behaviors of different samples at 60 and 90 °C. The carrier mobility of XLPE is the largest, 24 × 10−14 m2V−1s−1 and 100 × 10−14m2V−1s−1, respectively. The carrier mobility of XLPE-A is the smallest, 0.9375 × 10−14 m2V−1s−1 and 13.65 × 10−14 m2V−1s−1, respectively. It can be concluded that the addition of the polycyclic compounds increases the trap depth and the corresponding trap density of the XLPE and reduces the carrier mobility. Among them, the XLPE-A composite has the deepest trap depth, trap density, and the smallest carrier mobility.





4. Discussion


4.1. Mechanism of Polycyclic Compounds Fillers Inhibiting Electrical Treeing Growth


The growth process of the electrical tree with the DC-impulse voltage is closely related to the hot electrons motion and trap distribution [40]. After the addition of the polycyclic compound, the trap depth and density of samples increase significantly. The traps enhance the charge trapping ability of the needle tip and easily forms the same polarity charge accumulation to weaken the external electric field, resulting in a decrease in the injected charge amount [41]. At the same time, with the deep trap level and the trap density increasing, the internal charge trapping of the sample enhances, resulting in a decrease in the internal free charge of the sample. For the growth of the electrical tree, the charge injection process is suppressed and the free charge inside the sample is reduced. Therefore, the molecular chain breaking process is suppressed, and the electrical tree deterioration resistance of the XLPE/ polycyclic compounds composites is improved. In addition, in the process of electrical tree growth, some of the electrical tree channels are carbonized, and the carbonization channel delivers charges as a conductive current to the end of the channel, enhancing the electric field strength [42]. The deeper trap captures the transport charges in the carbonized electrical tree channels, reducing the electric field strength at the end of the channel, thereby decreasing the growth of the electrical tree [29]. The carrier migration process is closely related to the trap distribution of the composite material. The free charge may be captured by the local state (trap) during the extended state migration process. The charge transfer and exchange process between the extended state and the local state affects the migration characteristics of carriers [41]. After the addition of the polycyclic compound, the carrier mobility is reduced, and the carrier mobility of XLPE-A is the smallest. The deep trap energy level increases, leading to the increase of trap barrier to overcome for charge trapping. The deep trap density increases, leading to a decrease of the charge average free travel and energy obtained from migration, increasing the probability of charge trapping, and leading to a decrease in mobility. Therefore, the internal collision ionization probability of the composite material is reduced, leading to the improvement in the resistance to electrical tree.




4.2. Electrical Tree Dependence on Polycyclic Compounds with DC-Impulse Voltage


It can be seen from the results in Section 3.1 that the effect of the polycyclic compound is related to the polarity of the DC-impulse voltage, and the suppression effect of the polycyclic compound with the opposite polarity is better than with the same polarity. When −35 kV impulse is superimposed on −25 kV DC voltage, after the DC voltage is applied, electrons are accumulated at the needle tip. After the impulse voltage is applied, a large number of electrons are injected into polymer over a short period of time to push accumulated charges to move. During the process of charge trapping, as the state of charge changes from high energy to low energy state, excess energy is transferred to other charges, making them hot electrons, destroying the XLPE molecular chain, and causing growth of the electrical tree. When +35 kV impulse is superimposed on −25 kV DC voltage, and after the polarity of the voltage changes, part of the positive charge is injected and the positive and negative charges neutralize to generate energy, which accelerates the growth of the electrical tree [43]. In addition, as the polarity of the voltage changes from negative to positive, the electrons change from the same-polar space charge to the hetero-polar space charge, causing electric field distortion, aggravating partial discharge, causing molecular chain breakage, and accelerating electrical tree growth [44]. The mechanism of electrical tree growth with different polarities is different, which results in different effects of polycyclic compounds with different polarities. With the opposite DC-impulse polarity voltage, and after the polycyclic compound is added, on the one hand, the electric field distortion caused by the polarity change is reduced due to the decrease of the injected charges; on the other hand, since free charges inside the sample are reduced, the energy generated by the positive and negative charges is reduced. Therefore, the polycyclic compound effect with the opposite polarity is better.




4.3. Electrical Tree Dependence on Polycyclic Compounds at Different Temperatures


Electrical treeing is an electro-thermal aging phenomenon, which is a comprehensive process including charge motion, partial discharge, local high pressure, and local high temperature. The hot electrons accelerate in the free volume, which impacts the molecular chain of the polymer and accelerates the formation of low-density regions. Charges collide with ionization in low-density regions, releasing energy to destroy more molecular chains and forming micropores. Subsequent discharges then occur in the micropores. Partial discharge produces local temperature rise in a short time. When the ambient temperature plus local temperature rise is greater than the local softening temperature of the insulating material (ΔT ambient temperature + ΔT discharge temperature> T softening temperature), local thermal breakdown will occur, and the air gaps form cracks along the applied field direction [45]. Under the action of charged particles, the XLPE molecular chains are broken rapidly and proceed to decompose and gasify. With these gases generated in a short time, the gas pressure in the micropores and cracks increases rapidly, resulting in the material around the micropores or cracks to undergo an expansion stress. Under the action of this stress, the micropores and cracks rapidly expand toward the amorphous region where the mechanical strength is weak, resulting in the growth of the electrical tree. As the temperature increases, on the one hand, the carrier mobility increases, the ionization probability increases, and the polycyclic compound’s ability to capture hot electrons is relatively reduced; on the other hand, the local thermal breakdown increases, and the influence of hot electrons on the growth characteristics of the electrical tree is relatively reduced. Therefore, the effect of the polycyclic compound decreases with temperature increase.





5. Conclusions


In this paper, three different types of polycyclic compounds were chosen to prepare the XLPE/polycyclic compounds composites. The effects of these polycyclic compounds on the tree structure and electrical treeing characteristics with DC-impulse voltage were studied at 30, 60, and 90 °C. Their trap distribution and carrier mobility behaviors were also investigated. The experimental results reveal that polycyclic compound A has great application prospects in HVDC cables. The following are our main conclusions:




	(1)

	
The addition of the polycyclic compound changes the electrical tree structure, which is related to the type of the polycyclic compound, the temperature and the relative polarity of DC and impulse voltage.




	(2)

	
The electrical treeing characteristics are related to the type of polycyclic compounds. The three type of polycyclic compounds all inhibit the length and accumulated damage of the electrical tree with DC-impulse voltages at 30, 60, and 90 °C. The energy level and trap density are the largest in XLPE-A composite, decreasing the charge transport, and leading to the suppression of the electrical treeing growth, improving the lifetime of XLPE. The polycyclic compound A has great application prospects in HVDC cables.




	(3)

	
The effect of the polycyclic compound is related to the relative polarity of the applied DC-impulse voltage. Although three types of polycyclic compounds can suppress the electrical tree propagation at different DC-impulse voltages, the suppression effect with the same polarity is worse than with the opposite polarity, which is related to the difference in the mechanism of electrical tree growth with different impulse polarities.




	(4)

	
The effect of the polycyclic compound is related to the temperature. With the temperature increasing, the suppression effect to electrical treeing growth of polycyclic compounds decreases. However, the three types of polycyclic compounds can still suppress the electrical treeing growth at 30, 60, and 90 °C, which can improve the lifetime of XLPE cables.
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Appendix A


Figure A1 shows the equivalent circuit of the experimental configuration.



Figure A2 shows the electrical tree structures of XLPE-B and XLPE-C.
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Figure A1. The equivalent circuit of the experimental configuration. 
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Figure A2. The electrical tree structures of XLPE−B and XLPE−C composite. 
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Figure 1. Molecular structures of polycyclic compounds. 
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Figure 2. Schematic diagram of experimental setup. 
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Figure 3. The electrical tree structures of the neat cross-linked polyethylene (XLPE) and XLPE−A composite. 
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Figure 4. Electrical treeing characteristics with opposite polarity DC-impulse voltage. 
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Figure 5. Electrical treeing characteristics with the same polarity DC-impulse voltage. 
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Figure 6. Trap distribution and carrier mobility behaviors of XLPE and its polycyclic compounds composites. 
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Table 1. Tree structure distribution at 1 min.
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DC (kV)

	
Pulse (kV)

	
Temperature (°C)

	
XLPE

	
XLPE-A

	
XLPE-B

	
XLPE-C






	
−25

	
+35

	
30

	
Branch

	
Bush

	
Bush-branch

	
Bush-branch




	
60

	
Branch

	
Bush

	
Branch

	
Branch




	
90

	
Branch

	
Bush-branch

	
Branch

	
Branch




	
−35

	
30

	
Branch

	
Bush

	
Bush-branch

	
Bush-branch




	
60

	
Branch

	
Branch

	
Branch

	
Branch




	
90

	
Branch

	
Branch

	
Branch

	
Branch
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Table 2. Cross-linked polyethylene (XLPE) and its polycyclic compounds composites trap depth.
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Type

	
Temperature (°C)

	
Shallow Trap Depth / (eV)

	
Deep Trap Depth / (eV)






	
XLPE

	
30

	
0.81

	
0.88




	
60

	
0.85

	
0.91




	
90

	
0.91

	
1




	
XLPE-A

	
30

	
/

	
0.98




	
60

	
/

	
0.97




	
90

	
0.98

	
1.02




	
XLPE-B

	
30

	
/

	
0.93




	
60

	
/

	
0.94




	
90

	
0.95

	
1.02




	
XLPE-C

	
30

	
/

	
0.9




	
60

	
/

	
0.93




	
90

	
0.92

	
1.01
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