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Abstract

:

The condition and health of large oil-immersed power transformers’ insulation have a direct impact on the safety and stability of the power grid. Therefore, it is crucial to investigate the aging characteristics of oil–paper insulation in power transformers. In this study, we developed a computational model for reclosing current calculation and multiphysics coupling models for magnetic-circuit-force, electrostatic field, and temperature field simulations. The calculated aging resulted in a mechanical stress of 8.71 MPa, an electric field strength of 2.26 × 106 V/m, and a temperature of 113.7 °C. We conducted combined electrical–thermal–mechanical aging tests on the oil–paper insulation and measured various insulating paper performance parameters at different aging stages. Our study revealed that both the mechanical and electrical properties of the insulating paper deteriorated in both aging groups. However, the changes were more pronounced in the electrical–thermal–mechanical aging group compared to the electrical–thermal aging group, indicating that mechanical stress accelerated the aging process of the insulating paper. In the early stages of aging, the rate of performance changes in the electrical–thermal aging group was similar to that in the electrical–thermal–mechanical aging group. However, as the aging time increased, the degradation of performance induced by mechanical aging became more significant. This suggests that the insulating paper’s resistance to mechanical damage, specifically short-circuit resistance, noticeably decreased after prolonged aging.
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1. Introduction


Power transformers are the most critical equipment in power systems, and the insulation condition of their internal oil–paper insulation directly affects the safe operation of transformers [1]. With the continuous development of the power grid, the number of sudden short-circuit faults increases. The short-circuit electromagnetic force can cause winding deformation, thereby causing serious damage to the oil–paper insulation structure.



According to the classification of aging factors, the aging of insulation in transformers can be roughly divided into thermal aging, electrical aging, and mechanical aging [2]. The thermal aging platform constructed in reference [3] studied the thermal aging characteristics of insulating paper in mineral oil and vegetable oil, and the results showed that aging in vegetable oil is slower. The insulating paper thermal aging test platform built in reference [4] studied the degradation law of the degree of polymerization of insulating paper, and the results showed that the rate of degree of polymerization decrease gradually slows down with aging time. Reference [5] estimated the degree of polymerization (DP) and percentage of moisture content (PMCs) in oil-impregnated paper insulation using dielectric response sensing obtained from frequency-domain spectral tests. The insulating paper aging platform constructed in reference [6] studied the microstructure and electrical characteristic changes in insulating paper under different AC/DC composite voltages and found consistency in the degradation mechanism and microstructure of insulating paper under different composite voltages. In reference [7], accelerated thermal aging experiments were carried out on insulating paper at 120 °C and 130 °C, respectively, and the results showed that the crystallinity index and refractive index of cellulose fiber in insulating oil could be used as feasible indexes for the diagnosis of paper degradation. Reference [8] studied the micro-slip wear between the insulation layers of transformers and found that abrupt axial mechanical forces can cause damage to insulating paper, thus affecting its insulation performance.



The above studies all investigated the effects of single aging conditions on the aging characteristics of insulating paper, while the aging of insulating paper is generally influenced by multiple factors. Reference [9] established an electro-thermal coupled aging platform for aging research of insulating paper and used multivariate regression analysis to analyze the breakdown life of insulating paper, obtaining a lifetime model applicable to electro-thermal aging. Reference [10] also established an electro-thermal coupled aging platform and found that the degree of polymerization decrease in electro-thermal aging samples is faster than that in single-factor thermal aging. Reference [11] studied the frequency-domain dielectric properties of transformer oil–paper insulation under different aging stress conditions and aging times. Reference [12] found that mechanical–thermal coupled aging has a more significant effect on the degradation of insulating paper mechanical properties compared to thermal aging, and the more intense the mechanical vibration, the more significant the decrease in the degree of polymerization and tensile strength of insulating paper. Reference [13] conducted mechanical–electrical–thermal aging tests with experimentally given conditions and obtained an empirical model for the variation in tensile strength of insulating paper under the combined action of heating, electrical, and mechanical forces.



Most of the aforementioned studies considered the effects of two aging factors in the aging tests, and the experimental conditions were directly given. This paper will consider the combined aging of the electric field, temperature field, and mechanical stress on insulating paper. The values of each parameter will be obtained through simulation and theoretical calculations, which will be more representative of the operating conditions of insulating paper during circuit breaker reclosing.



In this paper, the short-circuit stress, electric field, and temperature field are calculated by setting up the reclosing current calculation model, the magnetic-circuit-force coupling model, and the simulation model of the electrostatic field and temperature field. Based on the above simulation results, the polymerization degree, tensile strength, elongation at break, dielectric loss factor, and breakdown field strength of insulating paper at different aging stages were measured and analyzed.




2. Finite Element Simulation of Oil–Paper Insulation


Figure 1 shows the insulating paper in the oil–paper insulation structure. The insulating paper is wrapped on the wire turns, the wire turns are wound to make a winding, and the winding is soaked in the insulating oil. At this time, the insulating paper and the insulating oil form an oil–paper insulation structure.



In this section, the applied forms of field strength, temperature, and mechanical stress are defined by simulation and theoretical calculation. A two-dimensional model of transformer main insulation is established to calculate the general field strength of insulating paper. A Simulink reclosing process simulation model and a 3D magnetic-channel-force coupling finite element simulation model of a transformer are built to calculate the mechanical stress of insulating paper. A two-dimensional model of the transformer temperature field is established to calculate the average winding temperature, and the maximum temperature of insulating paper is finally determined by theoretical calculation.



2.1. Electrodynamic Simulation of Oil–Paper Insulation


2.1.1. Reclosing Process Current Calculation


The Simulink reclosing process simulation model built based on SFSZ7-31500/110 transformer is shown in Figure 2. The rated voltage is 110/38.5/10.5 kV, and the parameters of load loss Pk, no-load loss P0, short-circuit voltage percentage Uk%, and no-load current percentage I0% are shown in Table 1.



The time of reclosing is as follows: The transformer starts to operate normally, and the three-phase short-circuit fault occurs at 0.1 s, and it is a permanent short-circuit fault. The 0.5 s circuit breaker operates in tripping and cuts out the fault part. The 0.6 s circuit breaker operates in closing and the closing angle is 0°. The current waveform of the process is shown in Figure 3.



It can be seen from the simulation calculation that the secondary short-circuit impulse current is slightly larger than the primary short−circuit impulse current, which is due to the existence of the hysteresis effect in the opening process, so that there will be remanent magnetism inside the core and it is difficult to disappear in a short time. When the remanent magnetism and the direction of excitation are the same, the secondary short-circuit impulse current will be greater than the primary short-circuit impulse current. According to the current calculation model of the reclosing process established above, different closing angles are respectively set to calculate the impact current of a secondary short circuit under a three-phase short-circuit condition.




2.1.2. Simulation of Short-Circuit Stress in Magnetic-Structure Coupling


The electromagnetic force received by the wire cake element of the finite element model of the transformer in the electromagnetic field is [14,15]:


   F i  = B S J 2 π R  



(1)







In the formula, Fi is the electromagnetic force received by the i unit of the winding, B is the magnetic induction intensity of the wire cake unit, S is the area of the wire cake unit, J is the current density of the wire cake unit, and R is the distance between the center line of the core and the center of gravity of the wire cake unit.



The total electromagnetic force of the cake is:


  F =   ∑  i = 1  N    F i     



(2)







Through coupling, the electromagnetic force is added to the physical field of solid mechanics as a load. According to the elastic-plasticity of copper material, the electromagnetic force load is divided into several increments, and the balance equation of the finite element system based on increments is established in the physical field of solid mechanics:


   K  e p   Δ a = Δ Q  



(3)




where Kep is the elastic-plastic stiffness matrix of the system, the incremental displacement phasor, and the unbalanced force phasor.



According to the constitutive relation of the material:


  Δ ε = B Δ a  



(4)




where: B is the strain matrix of the unit and is the strain increment.


  Δ σ =  D e  Δ ε +   ∫   D  e p   d ε     



(5)




where De is the elastic matrix, Dep is the elastic–plastic matrix, and is the stress increment.



In order to calculate the short-circuit stress on the winding during reclosing, a three-dimensional magneto-circuit-force coupling finite element simulation model was established [16,17]. The following dimensions should be indicated in Figure 4. “Among them, the center distance between the columns is 1335 mm, the height of the core window is 1670 mm, the diameter of the core is 600 mm, the inner diameter of the low-pressure winding is 331 mm, the outer diameter of the low-pressure winding is 396 mm, the inner diameter of the medium-pressure winding is 435 mm, the outer diameter of the medium-pressure winding is 500 mm, the inner diameter of the high-pressure winding is 547 mm, and the outer diameter of the high-pressure winding is 640.5 mm.”



The impulse current calculated by the reclosing analog circuit is used as the excitation and input into the three-dimensional magneto-circuit-force coupling finite element simulation model for coupling calculation, and the short-circuit stress distribution of the winding is obtained.



Figure 5 shows the distribution of short-circuit stress when the closing angle is 0°, and Table 2 shows the short-circuit stress at different closing angles. When the closing angle is 0°, the maximum short-circuit stress of the insulating paper is 8.71 MPa. This test will take this as the basis for adding mechanical stress.





2.2. Oil–Paper Insulated Electric Field Simulation


Because the main insulation structure of the transformer can be approximated as a concentric cylinder with good symmetry, the two-dimensional model can meet the requirements when conducting an electric field simulation calculation. The two-dimensional simulation model established according to the actual parameters of the transformer is mainly composed of low-voltage winding, medium-voltage winding, high-voltage winding, insulating oil, insulated paper tube, and Angle ring, among which the low-voltage winding, medium-voltage winding and high-voltage winding are modeled in the unit of wire cake. The values of the relative dielectric constants of the insulation materials are shown in Table 3 [18].



The established calculation model of the main insulation of the transformer winding is shown in Figure 6. The ground potential is set at the boundary of the model (a homogeneous boundary condition), 110 kV voltage is applied in the high-voltage winding, and the ground potential is also set in the middle-voltage and low-voltage winding. The calculated distribution results of the transformer main insulation composite electric field are shown in Figure 7.



As can be seen from Figure 7, the distribution of the electric field in the middle of the transformer between the high- and middle-voltage windings is close to uniform, roughly between 2 and 3 × 106 V/m. The average field strength between turns of the transformer is 2.26 × 106 V/m through simulation calculation. This test is to explore the aging characteristics of insulating paper, so the average field strength between turns is taken as the basis for pressurization.




2.3. Oil–Paper Insulation Temperature Field Simulation


Taking a three-phase three-column true-type transformer as the research object, in order to simplify the calculation, the following assumptions are made when establishing the two-dimensional model of the oil-immersed transformer [19]:




	
Do not consider the clamp, oil tank, magnetic shield, and other structural parts, mainly including transformer oil, iron core, and each winding;



	
An axisymmetric model is adopted, and only the core and winding on one side of the axis are taken;



	
The thermal conductivity, density, and specific heat capacity of the transformer core and winding are constant and do not change with the change in temperature;



	
The ambient temperature is assumed to be 293 K. The two-dimensional calculation results of the transformer temperature field are shown in Figure 8.








As can be seen from Figure 8, the transformer winding temperature is high, the transformer oil temperature is stratified, and the temperature gradually decreases from top to bottom. The maximum average temperature of the winding during a short circuit is 107.67° C.



At the same time, according to GB/T 1094.5-2008 [20], the average thermal stability temperature of transformer winding under a short circuit is calculated theoretically. GB/T 1094.5-2008 specifies that power transformers should be free from damage under the action of short-circuit overcurrent caused externally. It is specified that the duration of the current to withstand the short-circuit heat resistance is 2 s, and the calculation formula of the average thermal stability temperature of the copper winding after the transformer burst short circuit is given as follows:


   θ 1  =  θ 0  + 2 × ( 235 +  θ 0   ) / ( 106000 / (   J 2   t ) − 1 )   



(6)




where θ1 is the average temperature after winding short circuit t, unit °C; and θ0 is the starting temperature of the winding, which is the sum of the maximum ambient temperature and the average temperature rise limit of the winding, in unit °C. J is the short-circuit current density calculated according to the square mean root value of the symmetric short-circuit current, in A/mm2; and t is the short circuit duration, unit s.



Taking a three-phase three-column true-type transformer as the research object, the cross-sectional area of each winding wire of the transformer is given in Table 4.



When the high-voltage power supply is a short circuit, the short-circuit current value of the high voltage is 1542.3 A, and the short-circuit current value of the medium voltage is 4738.2 A. The high-voltage power supply, low-voltage short circuit, and high-voltage short-circuit current value is 880.9 A; the low-voltage short-circuit current value is 5727.4 A.



Taking high-voltage power supply and medium-voltage short-circuit working condition as an example, the short-circuit current calculation result is 1542.3 A, the cross-sectional area of the high-voltage winding is 61.44 mm2, then the symmetric short-circuit current density J of the transformer high-voltage winding is the ratio of 25.10 A/mm2, θ0 is 105 °C, t is 2 s, and the Formula (6) is replaced:


   θ 1  = 105 +   2 × ( 235 + 105 )   ( 106000 / (  25.1 2  × 2 ) − 1 )   = 113.2   °C  



(7)







Through the above calculation method, the average thermal stability temperature of the high- and low-voltage windings can be calculated, as shown in Table 5.



Through simulation, the maximum average temperature of winding under dynamic stability is 107.67 °C, and through theoretical calculation, the maximum average temperature of winding under thermal stability is 113.7 °C. Considering the maximum temperature condition that insulating paper may withstand [21], the maximum temperature of 113.7 °C is taken as the temperature condition of joint aging.





3. Electrical, Thermal, and Mechanical Aging Test of Oil–Paper Insulation


In order to study the performance aging law of insulating paper during transformer operation, the combined electrical, thermal, and mechanical aging test was carried out.



3.1. Electrical, Thermal, and Mechanical Aging Test Process of Oil–Paper Insulation


In order to reduce the moisture content in the insulating paper to a lower level, the insulating paper sample should be dried. First, the insulating paper (thickness 0.3 mm) should be cut into an electrode shape and placed in a beaker, and then the beaker should be placed in a vacuum drying oven at 105 ± 5 °C for 24 h. Taking into account the test error of a single-layer sample, five layers of insulating paper are put into the test oil tank, and 25# transformer oil is injected. This process is shown in Figure 9. Electrodes on the upper and lower ends of the insulating paper are installed (the electrodes are connected to the power frequency high-voltage test console), five groups of samples are set and numbered respectively in the oil tank, and finally, the oil tank is put into the high- and low-temperature-alternating humid heat test tank. The test site diagram is shown in Figure 10.



At the same time, 3.39 kV power frequency voltage is applied on both sides of the electrode to make the field strength between electrodes reach 2.26 × 106 V/m. The temperature is set to 113.7 °C; the sampling time of the test was 0 h, 24 h, 48 h, 96 h, 144 h, and 192 h. After aging, 8.71 MPa equivalent stress was applied to the insulating paper to simulate the mechanical stress subjected to the insulating paper.



The test was divided into two groups, one group applied only electric field and temperature conditions, called the electro-thermal combined aging group, and the other group applied electric field, temperature, and mechanical stress conditions, and was called the electro-thermal combined aging group.




3.2. Aging Parameter Measurement of Oiled Paper Insulation


The mechanical and electrical properties of insulating paper will deteriorate to different degrees under the condition of multi-element aging. In this section, the degree of polymerization, tensile strength, and elongation at break are selected to reflect the change in mechanical properties during aging. Dielectric loss factor and breakdown voltage were selected to reflect the change in electrical performance during aging.



3.2.1. Degree of Polymerization


The most intuitive way to reflect the aging of transformer oil–paper insulation is to detect the degree of polymerization of insulating paper. Insulating paper is the main reliance of oil-immersed transformer solid insulation. Cellulose composed of a glucose monomer connected to each other is the main component of insulating paper [22]. The number of glucose monomers is the Degree of Polymerization. The average degree of polymerization of insulating paper is generally measured by the viscosity method. According to GB/T 1548-2004 [23], the average degree of polymerization of insulating paper is calculated by measuring the viscosity of insulating paper [24].



Firstly, the insulating paper is degreased to eliminate the influence of transformer oil in the insulating paper on viscosity measurement. Then, the degreased insulating paper is broken into fibers in water, and copied into quantitative pulp sheets on the hand paper machine before air drying. Finally, the insulated pulp sheet was immersed in 25 mL distilled water for 0.5 h, and then 25 mL copper ethylenediamine solution with a concentration of 1 mol/L was added, stirring to obtain the concentrated solution with the viscosity to be measured, and the viscosity of the cellulose solution was measured by using an Ulster viscometer.



Relative viscosity of cellulose solution:


   η s  =    T s  −  T 0     T 0     



(8)




where Ts is the cellulose solution flow time, and T0 is the solvent flow time.



Water content of the insulating paper:


  H =   m −  m 0   m   



(9)




where m is the quality of the insulating paper before drying, and m0 is the quality of the insulating paper after drying.



Cellulose solution concentration:


  c =   m   100   45     /    1  1 + H      



(10)







According to the relative viscosity, the value of the characteristic viscosity is found, and the average degree of polymerization of the insulating paper is obtained according to formula (11).


  D  P V α  =    η   K  =    η  ⋅ c   K ⋅ c    



(11)







In the formula: K is 7.5 × 10−3.




3.2.2. Tensile Strength and Elongation at Break


A mechanical universal testing machine was used to test the tensile strength of insulating paper according to GB/T 12914-2018 standard [25]. The sample size was 50 mm × 15 mm, and the drawing speed was 5 mm/min. The tensile strength and elongation at break were used as the evaluation basis.



Tensile strength refers to the maximum tension that the specimen can withstand before breaking per unit width under specified test conditions [26]. The calculation formula is:


  S =   F ¯    L W     



(12)




where   F ¯   is the average tensile strength and    L W    is the width of the insulating paper.



Elongation at break represents the ratio of the elongation of the specimen subjected to tension to fracture; that is, the ratio of the elongation length before and after stretching to the length before stretching. The formula is as follows:


  e =    L a  −  L 0     L 0     



(13)




where    L a    is the length when pulled,    L 0    is the original length.




3.2.3. Dielectric Loss Factor


Dielectric loss factor   t g δ   is one of the basic indicators to characterize the insulation performance of objects. It is a characteristic parameter to characterize the specific loss of insulators under the action of alternating voltage, and has nothing to do with the shape and size of the insulators [27]. In this paper, a dielectric loss tester is used for measurement. The basic principle is the Schering bridge method. The diagram of the Schering bridge is shown in Figure 11.



In Figure 11, Rx and Cx represent the equivalent resistance and capacitance of the subject. By adjusting R3 and C4, the bridge reaches the balance, which is shown as the current of galvanometer P is zero. At this time:


   1   1   R X    + j ω  C X    ⋅  1   1   R 4    + j ω  C 4    =  R 3  ⋅  1  j ω  C N     



(14)







Equivalent resistance and capacitance of the subject can be obtained:


   C X  =    R 4   C N     R 3    1 +  ω 2   C 4 2   R 4 2       



(15)






   R X  =    R 3    1 +  ω 2   C 4 2   R 4 2       ω 2   C 4   R 4 2   C N     



(16)







Dielectric loss factor of the subject:


  t g δ =  1  ω  C X   R X    = ω  C 4   R 4   



(17)








3.2.4. Breakdown Voltage


When the electric field intensity applied at both ends of the dielectric exceeds a certain critical value, a small number of freely moving carriers inside the dielectric move violently, colliding with atoms on the lattice, ionizing, and destroying the molecular structure, resulting in the final breakdown; this phenomenon is called electrical breakdown [28].



The 20 s step-up voltage method was used to perform the voltage withstand test on the single-layer insulating paper. As shown in Figure 12, the test electrodes were designed according to GB/T 1408.1-2016 [29], and electrodes with different diameters were used: Apply to the sample at a short-time breakdown voltage of 40%. If the sample withstands this voltage for 20 s without breakdown, the voltage shall be increased step by step. Each increase in voltage should be immediately and continuously increased for 20 s until breakdown occurs.






4. Aging Test Results and Analysis of Oil–Paper


4.1. Degree of Polymerization of Insulating Paper


At different aging stages, the polymerization degree of the sample insulating paper in the electro-thermal combined aging group and the electro-thermal combined aging group is respectively measured as shown in Figure 13, and the change rate relative to the non-aging group is shown in Table 6.



Combined with Figure 13 and Table 6, it can be seen that with the extension of aging time, the degree of polymerization of insulating paper gradually decreases, and the decline rate decreases from fast to slow. This is related to the microstructure of cellulose. In the early stage of aging, the cellulose 1, 4-β glucoside bond in the amorphous region is first damaged and broken, and the amorphous region is easily damaged, so the degree of polymerization decreases rapidly. In the middle and late stages of aging, the 1, 4-β glucoside bond in the amorphous region has basically been consumed, which has little impact on the degree of polymerization. At this time, the degradation extends to the crystalline region, where the degradation of cellulose is more difficult, so the degree of polymerization decreases slowly. Compared with the two groups of samples, the decreased rate of polymerization degree in the electro-thermal and mechanical aging group was significantly higher than that in the electro-thermal aging group, indicating that the effect of mechanical stress accelerated the aging of insulating paper.




4.2. Tensile Strength and Elongation at Break of Insulating Paper


The cellulose in the insulating paper will break with aging, reducing the mechanical strength. Therefore, the tensile strength and elongation at break of the aging insulating paper was tested, as shown in Figure 14 and Figure 15. Table 7 and Table 8 show the change rate of the aging insulating paper compared with that of the non-aging insulating paper.



Combined with Figure 14 and Figure 15 and Table 7 and Table 8, it can be seen that the tensile strength and elongation at break of the insulating paper of the electro-thermal group and the electro-thermal–force group decrease with the increase in aging time, and the tensile strength of the insulating paper of the electro-thermal–force group decreases faster [30]. It may be due to the destruction of molecular bonds between cellulose under the action of the electric field and high temperature, which leads to the decrease in tensile strength and elongation at break. After the application of mechanical force, the decreased rate of tensile strength and elongation at break is accelerated, which may be due to the effect of force, which further aggravates the destruction of molecular bonds between cellulose.




4.3. Dielectric Loss Factor of Insulating Paper


A dielectric loss tester was used to measure the dielectric loss factors of the electro-thermal combined aging group and the electro-thermal combined force aging group, respectively. The results are shown in Figure 16, and the relative change rate of the dielectric loss in the non-aging group is shown in Table 9.



In combination with Figure 16 and Table 9, it can be seen that the dielectric loss factor of insulating paper increases with the aging process, and the dielectric loss factor of the combined electric–heat–force aging group increases more significantly. This is because with the extension of the aging time of insulating paperboard aging deterioration, the dielectric loss increases, the electric–heat–force group compared to the electric–thermal group produces more mechanical stress, making the aging more rapid, and the dielectric loss factor increases faster.




4.4. Breakdown Voltage of Insulating Paper


The insulating paper is dried at 90 °C for 2 h, the oil stains on the insulating paper are removed, and the pressure resistance test is carried out on the single-layer insulating paper (0.3 mm) with air as the medium. The breakdown voltage values of the single-layer insulating paper in the electro-thermal combined aging and electro-thermal combined mechanical aging groups were measured, respectively, and the results are shown in Figure 17. The relative change rate of the single-layer insulating paper in the non-aging group is shown in Table 10.



Combined with Figure 17 and Table 10, it can be seen that the breakdown voltage of insulating paper decreases with the increase in aging time, and the decline is slower in the early stage of aging and faster and faster in the later stage. This may be because under the action of the electric field and high temperature, the defects inside the insulating paper are expanded, and the breakdown process of the oil–paper insulation is to find the “weakest link” of the oil–paper insulation system. The breakdown voltage of the electric–thermal–force group drops faster than that of the electric–thermal group. This may be due to the fact that under the action of mechanical forces, the internal defects of the insulating paper are further expanded, and breakdown is more likely to occur.





5. Conclusions


In this paper, the electric field, temperature, and stress conditions of the insulating paper of a 110 kV transformer during the operation were calculated by modeling, and the corresponding aging test was carried out accordingly. Finally, the performance parameters of insulating paper in different aging stages were measured, and the following conclusions were drawn:




	
In order to effectively and reasonably simulate the most severe real aging process of transformer insulating paper, a reclosing current calculation model, a magneto-circuit-force multiple physical field coupling model, and a simulation model of electrostatic field and temperature field are jointly established. The calculated field strength exerted by aging is 2.26 × 106 V/m, the applied mechanical stress is 8.71 MPa, and the temperature is 113.7 °C.



	
The increase in aging time, the degree of polymerization, tensile strength, and breakdown voltage all decreased, and the decrease was faster in the electro-thermal–mechanical aging group than in the electro-thermal aging group. The dielectric loss factor increases, and the increase in the electro-thermal and mechanical aging group is faster than that of the electro-thermal aging group. This shows that the mechanical force has an accelerated effect on the failure of the mechanical and electrical properties of the insulating paper.



	
Within 24 h, the difference between the performance change rates of the electro-thermal combined aging group and the electro-thermal combined aging group is less than 5%, but with the extension of aging time, the performance deterioration degree introduced by force aging is higher, which indicates that the mechanical damage resistance, that is, the short-circuit resistance, of the insulating paper is significantly reduced after a long time of aging.












Author Contributions


Conceptualization, Z.Y. and Q.W.; methodology, Z.Y. and Z.R.; software, F.L.; validation, Q.X. and J.G.; formal analysis, J.Z.; investigation, F.T.; resources, Z.Y.; data curation, Q.W.; writing—original draft preparation, Z.Y.; writing—review and editing, Q.W.; visualization, Z.R.; supervision, F.L.; project administration, J.G.; funding acquisition, Q.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Project of State Grid Beijing Electric Power (52022322000T).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The experimental data will not be disclosed.




Conflicts of Interest


The authors Zonghui Yuan, Qian Wang, and Zhigang Ren were employed by the company Electric Power Research Institute of State Grid Beijing Electric Power Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Huang, M. Study on Aging Characteristics of Oil-Paper Insulation under Combined Electrical and Thermal Stresses. Master’s Thesis, Fuzhou University, Fuzhou, China, 2018. [Google Scholar]

	



Liao, R.; Yang, L.; Zheng, H.; Wang, K.; Ma, Z. Reviews on oil-paper insulation thermal aging in power transformers. Trans. China Electrotech. Soc. 2012, 27, 1–12. [Google Scholar]

	



Liu, R.; Zhang, Z.; Nie, H.; Bai, H.; Zhao, L.; Yu, H.; Ren, J. Effect of mineral oil and vegetable oil on thermal ageing characteristics of insulating paper. Insul. Mater. 2020, 53, 65–69. [Google Scholar]

	



Wei, Y. Study on decreasing law of degree of polymerization of cellulose insulating paper with accelerated thermal aging. Synth. Mater. Aging Appl. 2019, 48, 52–55+91. [Google Scholar]

	



Kunakorn, A.; Pramualsingha, S.; Yutthagowith, P.; Nimsanong, P.; Kittiratsatcha, S. Accurate assessment of moisture content and degree of polymerization in power transformers via dielectric response sensing. Sensors 2023, 23, 8236. [Google Scholar] [CrossRef]

	



Ouyang, X.; Zhou, Q.; Li, X.; Jiang, Q. Analysis of microstructure and electrical properties of oil-impregnated insulation paper under different ac/dc composite voltages. Proc. CSEE 2019, 39, 7394–7404+7512. [Google Scholar]

	



Qiang, F.; Jing, Z.; Mengjun, W.; Tiansheng, C.; Jian, L.; Feipeng, W.; Xi, L. Correlation analysis between crystalline behavior and aging degradation of insulating paper. In Proceedings of the 2016 IEEE International Conference on Dielectrics (ICD), Montpellier, France, 3–7 July 2016; pp. 617–620. [Google Scholar]

	



Liu, R. Research on Fretting Wear of Large Transformer Coil Insulation. Master’s Thesis, Shenyang University of Technology, Shenyang, China, 2019. [Google Scholar]

	



Liao, R.; Xie, B. Analysis and selection of electrothermal life models used in oil-paper insulation. Trans. China Electrotech. Soc. 2006, 21, 17–21. [Google Scholar]

	



Zhang, Y.; Lan, S. Study on thermo-electrical aging characteristics of transformer oil-paper insulation. Electr. Eng. 2016, 48–51+61. [Google Scholar]

	



Zhang, W. Study on Multi-Factor Aging Properties and Characteristic Parameters Extraction Method of Transformer Oil-Paperinsulation. Master’s Thesis, Harbin University of Science and Technology, Harbin, China, 2019. [Google Scholar]

	



Li, C.; Wang, Z. The degradation mechanism of insulation paper mechanical properties with mechanical-thermal synergy. Trans. China Electrotech. Soc. 2018, 33, 5090–5097. [Google Scholar]

	



Yang, J. Multi-Factor Aging of Transformer Insulation Paper and Its Vibration Evaluation Methods. Master’s Thesis, Zhejiang University, Hangzhou, China, 2020. [Google Scholar]

	



Jin, M.; Chen, W.; Zhao, Y.; Wen, T.; Wu, J.; Wu, X.; Zhang, Q. Coupled magnetic-structural modeling of power transformer for axial vibration analysis under short-circuit condition. IEEE Trans. Magn. 2022, 58, 8401309. [Google Scholar] [CrossRef]

	



Wang, S.; Zhang, H.; Wang, S.; Li, H.; Yuan, D. Cumulative deformation analysis for transformer winding under short-circuit fault using magnetic-structural coupling model. IEEE Trans. Appl. Supercond. 2016, 26, 0606605. [Google Scholar] [CrossRef]

	



Wang, N.; Liu, B.; Zang, C.; Li, B. Analysis of transformer winding deformation based on magnetics-structure coupled-field. High Volt. Appar. 2016, 52, 94–100. [Google Scholar]

	



Gao, S.; Sun, L.; Liu, H. Calculation of axial electromagnetic force of transformer under short circuit condition based on comsol multi-physical field simulation. Sci. Technol. Eng. 2022, 22, 5250–5256. [Google Scholar]

	



Yu, D. Simulation Research on Winding Wave Process and Electric Field Distribution Characteristics of Natural Ester Transformer. Master’s Thesis, Hebei University of Technology, Tianjin, China, 2022. [Google Scholar]

	



Liu, G.; Jin, Y.; Ma, Y.; Sun, L.; Chi, C. 2-d transient temperature field simulation of oil-immersed transformer based on hybrid method. High Volt. Appar. 2019, 55, 82–89. [Google Scholar]

	



GB/T 1094.5-2008; Power transformers—Part 5: Ability to withstand short circuit. Standardization Administration of the Peopleʹs Republic of China: Beijing, China, 2008.

	



Wilhelm, H.M.; Fernandes, P.; Fernandes, K.M.P.; Fornari, M.; Peres, S.; Bender, V.; Marchesan, T.; Marek, R.; Moraes, G.; Veloso, N.; et al. Comparative effect of hybrid and thermally upgraded kraft insulating papers on degradation of mineral and natural ester insulating oils by accelerated ageing tests. In Proceedings of the 2023 IEEE Electrical Insulation Conference (EIC), Quebec City, QC, Canada, 18–21 June 2023; pp. 1–4. [Google Scholar]

	



Ghoneim, S.S.M. Determination of transformers’ insulating paper state based on classification techniques. Processes 2021, 9, 427. [Google Scholar] [CrossRef]

	



GB/T 1548-2004; Pulps—Determination of viscosity. Standardization Administration of the Peopleʹs Republic of China: Beijing, China, 2004.

	



Wilhelm, H.; Fernandes, P.; Dill, L.; Moscon, K.; Marin, M.; Moraes, G.; Marchesann, T.; Bender, V. Thermal behavior evaluation of a new solid insulating paper in natural ester and mineral insulating oils. In Proceedings of the 2022 IEEE Electrical Insulation Conference (EIC), Knoxville, TN, USA, 19–23 June 2022; pp. 358–361. [Google Scholar]

	



GB/T 12914-2018; Paper and Board—Determination of Tensile Properties—Constant Rate of Elongation Method (20 mm/min). Standardization Administration of the Peopleʹs Republic of China: Beijing, China, 2018.

	



Maharana, M.; Baruah, N.; Nayak, S.K.; Sahoo, N. Comparative study of mechanical and electrical strength of kraft paper in nanofluid based transformer oil and mineral oil. In Proceedings of the 2017 International Symposium on Electrical Insulating Materials (ISEIM), Toyohashi, Japan, 11–15 September 2017; pp. 646–649. [Google Scholar]

	



Díaz, M.; Méndez, C.; Olmo, C.; Vila, C.; Delgado, F. Numerical and experimental evaluation of dielectric properties of thermally aged insulating paper used in power transformers. In Proceedings of the 2022 IEEE 4th International Conference on Dielectrics (ICD), Palermo, Italy, 3–7 July 2022; pp. 809–812. [Google Scholar]

	



Wei, C.; Mo, Y.; Lu, Y.; Liao, R.; Yang, L.; Yuan, Y.; He, L. Effect of nano-al2 o3 doping modification on ac/dc superimposed breakdown characteristics of insulating paper. In Proceedings of the 2018 IEEE International Conference on High Voltage Engineering and Application (ICHVE), Athens, Greece, 10–13 September 2018; pp. 1–4. [Google Scholar]

	



GB/T 1408.1-2016; Insulating Materials—Test Methods for Electric Strength—Part 1: Test at Power Frequencies. Standardization Administration of the Peopleʹs Republic of China: Beijing, China, 2016.

	



Sayadi, A.; Mahi, D.; Fofana, I.; Bessissa, L.; Bessedik, S.A.; Arroyo-Fernandez, O.H.; Jalbert, J. Modeling and predicting the mechanical behavior of standard insulating kraft paper used in power transformers under thermal aging. Energies 2023, 16, 6455. [Google Scholar] [CrossRef]








[image: Polymers 15 04239 g001] 





Figure 1. The relationship between insulating paper and winding. 
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Figure 2. Reclosing Simulink model diagram. 
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Figure 3. Burst short circuit and reclosing current waveform. 
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Figure 4. Transformer geometry model. 






Figure 4. Transformer geometry model.
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Figure 5. Short-circuit stress distribution diagram at 0° closing Angle. 
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Figure 6. Calculation model of transformer main insulation. 
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Figure 7. Distribution result of composite electric field of transformer main insulation. 
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Figure 8. Transformer temperature distribution. 
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Figure 9. The process of cutting insulating paper and loading it into the oil tank. 
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Figure 10. Test site drawing. 
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Figure 11. The Schering Bridge. 
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Figure 12. Unequal diameter electrode. 
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Figure 13. Insulating paper polymerization degree and aging time fit curve. 
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Figure 14. The fitting curve of tensile strength and aging time of insulating paper. 
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Figure 15. The elongation of insulating paper at breaking is fitted with the aging time curve. 
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Figure 16. The fitting curve of dielectric loss factor and aging time of insulating paper. 
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Figure 17. The breakdown voltage and aging time of insulating paper are fitted. 






Figure 17. The breakdown voltage and aging time of insulating paper are fitted.



[image: Polymers 15 04239 g017]







 





Table 1. Main parameters of transformer.






Table 1. Main parameters of transformer.





	Parameter Name
	Numerical Value
	Parameter Name
	Numerical Value





	Pk(1-2)/kW
	147
	Uk(1-2)/%
	10.03



	Pk(3-1)/kW
	143.5
	Uk(3-1)/%
	17.14



	Pk(2-3)/kW
	120
	Uk(2-3)/%
	6.67



	P0/kW
	40.24
	I0/%
	0.9










 





Table 2. Short-circuit stress at different closing angles.






Table 2. Short-circuit stress at different closing angles.





	Closing Angle/°
	0
	45
	90
	135
	180





	Short-circuit stress/MPa
	8.71
	6.84
	5.68
	6.86
	8.53










 





Table 3. The relative dielectric constant of the insulating material.






Table 3. The relative dielectric constant of the insulating material.





	The Insulation Material Involved in the Model
	Relative Dielectric Constant





	Insulating paper (turn insulation, Angle ring)
	3.2



	Insulated paper tube
	4.4



	Insulating oil
	2.2










 





Table 4. Cross-sectional area of each winding conductor of the transformer.






Table 4. Cross-sectional area of each winding conductor of the transformer.





	Winding Type
	Traverse Area/mm2





	High-voltage winding
	61.44



	Medium-voltage winding
	182.75



	Low-voltage winding
	291.27










 





Table 5. Average thermal stability temperature of each transformer winding.






Table 5. Average thermal stability temperature of each transformer winding.





	Winding Type
	Thermally Stable Mean Temperature/°C





	High-voltage winding
	113.2



	Medium-voltage winding
	113.7



	Low-voltage winding
	110










 





Table 6. Changing rate of polymerization degree of insulating paper.






Table 6. Changing rate of polymerization degree of insulating paper.





	Time/h
	Electro-Thermal
	Electric–Heat–Force





	0
	0
	0



	24
	−18.3%
	−19.9%



	48
	−28.3%
	−30.9%



	96
	−37.1%
	−40.7%



	144
	−39.6%
	−44.8%



	192
	−42.9%
	−46.7%










 





Table 7. Changing rate of tensile strength of insulating paper.






Table 7. Changing rate of tensile strength of insulating paper.





	Time/h
	Electro-Thermal
	Electric–Heat–Force





	0
	0
	0



	24
	−2.01%
	−2.47%



	48
	−3.85%
	−4.76%



	96
	−7.51%
	−9.34%



	144
	−10.3%
	−12.1%



	192
	−12.9%
	−14.8%










 





Table 8. Change rate of elongation of insulating paper when broken.






Table 8. Change rate of elongation of insulating paper when broken.





	Time/h
	Electro-Thermal
	Electric–Heat–Force





	0
	0
	0



	24
	−6.52%
	−7.22%



	48
	−12.2%
	−13.6%



	96
	−23.5%
	−24.9%



	144
	−32.0%
	−34.8%



	192
	−43.3%
	−46.2%










 





Table 9. Dielectric loss factor change rate of insulating paper.






Table 9. Dielectric loss factor change rate of insulating paper.





	Time/h
	Electro-Thermal
	Electric–Heat–Force





	0
	0
	0



	24
	10.3%
	13.8%



	48
	24.1%
	44.8%



	96
	55.2%
	100%



	144
	93.1%
	162.1%



	192
	141.4%
	244.8%










 





Table 10. Breakdown voltage change rate of insulating paper.






Table 10. Breakdown voltage change rate of insulating paper.





	Time/h
	Electro-Thermal
	Electric–Heat–Force





	0
	0
	0



	24
	−0.64%
	−0.85%



	48
	−1.06%
	−1.49%



	96
	−2.13%
	−3.19%



	144
	−3.62%
	−5.32%



	192
	−5.74%
	−8.51%
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