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Abstract

:

Power transformers are the most important and expensive assets in high-voltage power systems. To ensure an adequate level of reliability throughout the transformer’s lifetime, its maintenance strategy must be well defined. When an incipient fault occurs in the transformer insulation, a gas concentration pattern, representative of the type of fault, is generated. Fault-identification methods use gas concentrations and their ratios to identify the type of fault. None of the traditional or new fault-identification methods attempt to detect transformer oil contamination from on-load tap changer (OLTC) gases. In this study, from dissolved gas analysis (DGA) samples of transformers identified as contaminated in a previous study, fault-identification methods based on graphical representations were used to observe the patterns of results. From such patterns, Duval’s triangle and pentagon methods were modified to include a new zone indicating oil contamination (OC) from OLTC gases. Finally, the proposed modifications were validated using 75 DGA samples extracted from previous studies that were identified as D1 or D2 faults or contaminated from OLTC. This validation showed that only 14.7% and 13.3% of the DGA samples fell within the new OC zone of the proposed triangle and pentagon, respectively.
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1. Introduction


The most important and expensive asset in high-voltage power systems is the power transformer; therefore, its maintenance strategy must be well defined to guarantee an adequate level of reliability throughout the transformer’s lifetime [1,2].



Dissolved gas analysis (DGA) is the most widely used method for identifying incipient faults in transformer insulation. DGA measures gas concentrations in transformer oil generated by the degradation of solid and liquid insulations due to faults. When electrical and thermal faults occur in the transformer oil, the combustible gases generated are hydrogen (H2), methane (CH4), ethane (C2H6), ethylene (C2H4), and acetylene (C2H2). When a thermal fault occurs in cellulosic insulation, the gases generated are carbon monoxide (CO) and carbon dioxide (CO2).



When an incipient fault occurs in the transformer insulation, a gas concentration pattern representative of the type of fault is generated. Fault-identification methods use gas concentrations and their ratios to identify the type of fault. The most commonly used fault-identification methods are Doernenburg’s ratio method (DRM), Rogers’ ratio method (RRM), IEC ratio method (IRM), Duval’s triangle method (DTM), and Duval’s pentagon method (DPM) [3,4]. DRM, RRM, and IRM employ ratios between gas concentrations to identify the type of fault. In addition, IRM uses a graphical representation to observe the trend of the DGA samples. DTM and DPM employ graphical representations to determine the type of fault from gas concentrations, and the trend of DGA samples is also observed.



In previous studies, new fault-identification methods or modified versions of existing ones were developed. These methods were intended to improve the accuracy of traditional fault-identification methods. In [5,6,7], some of the traditional fault interpretation methods were improved or modified. An extended version of DTM to detect simple and multiple faults was developed in [7]. The development of algorithms and models for fault diagnosis in power transformers is presented in [8,9,10,11]. New fault-identification methods were developed and explained in [12,13,14,15]. In these methods, new graphical representations were created to identify the type of incipient fault. The method presented in [15] uses seven hydrocarbon gases to identify the type of fault. This method can be used to identify the six main fault types and oil leakage from the on-load tap changer (OLTC). The last two gases used, in addition to the combustible gases discussed above, are propylene (C3H6) and propane (C3H8). These two gases are generally not measured by the DGA, so the use of this method depends on their availability.



In another previous study [16], a methodology to identify transformer oil contamination from OLTC gases was developed. In this methodology, the C2H2/H2 ratio was used as a criterion to determine the contamination of the transformer oil by gas filtration from OLTC. In addition, transformers with C2H2 concentrations higher than or equal to 10 ppm were associated with oil contamination by studying the remaining DGA samples of each transformer. This part of the methodology was called expert knowledge (EK).



Traditional or new DGA interpretation methods do not identify transformer oil contamination from OLTC gases, or this identification is dependent on obtaining C3H6 and C3H8 concentrations, which are usually not available. In [16], it was found that the application of the C2H2/H2 ratio criterion does not always indicate oil contamination, and it was necessary to apply EK.



In this study, graphical representations of fault-identification methods were employed to establish whether there was a pattern in the distribution of results. From such patterns, modifications to DTM and DPM are proposed in this study. In these modifications, a new zone is added, indicating transformer oil contamination from OLTC gases. The proposed DTM and DPM modifications were validated using DGA samples extracted from previous studies. As stated above, the aim of this work is to create a new zone in the DTM and DPM, indicating the oil communication between the OLTC compartment and the main tank.



The novelty of this work lies in the creation of new zones on the most commonly used fault-identification methods to detect oil contamination from OLTC gases. This work introduces the concept of potential oil contamination from OLTC gases using fault-identification methods. This is not considered in traditional or new methods that rely on the concentrations of the five most commonly measured combustible gases in the DGA to identify faults.



The paper is structured as follows: Section 1 introduces the background and the novelty of the work. Section 2 describes the methodology followed in this work. Section 3 presents the application of traditional graphical fault-identification methods to the DGA results of contaminated transformers. From the pattern of results obtained by applying the fault-identification methods to the DGA samples of contaminated transformers, modifications to these methods are presented in Section 4. Section 5 shows the application of the proposed modifications in the methods to DGA samples identified as arcing faults from references. Section 6 discusses the results obtained by applying the modified fault-identification methods to the DGA data extracted from the literature. In particular, the DGA results falling within the proposed new zone are analyzed in detail. Section 7 presents the conclusions of this work. Finally, Appendix A contains the DGA results from the references that were used to validate the proposed modifications.




2. Materials and Methods


2.1. Dissolved Gas Analysis


One of the most widely used tools for diagnosing incipient faults in power transformer insulation is the DGA. The degradation of liquid and solid insulation produces gases in the oil [3,4], which are measured by the DGA. Depending on the fault type that occurs in the transformer oil, the gases generated and their concentrations are different, as shown in Table 1. H2 is present in all faults, varying in concentration depending on the fault type. CH4, C2H6, and C2H4 are mainly generated in thermal faults. C2H2 is generated in high- and low-energy discharges and in thermal faults in which the temperature is above 700 °C. In the latest version of the DTM [17] and DPM [18], the authors split D1 and D2 faults according to whether they occur in paper (-P) or in oil (-H).



In power transformers that have an OLTC, the gases generated in the OLTC compartment oil can be filtered to the main tank [3,4]. Gas filtration between the OLTC compartment and the main transformer tank modifies the gas concentrations obtained in the DGA samples, leading to an incorrect diagnosis of active faults in the transformer oil.



Gases in OLTC oil are generated owing to faults or normal operation, depending on the OLTC design. OLTC operations produce gases corresponding to D1 faults, in which the highest gas concentrations correspond to C2H2 and H2 [19,20].



The amount of C2H2 is usually less than the amount of H2 when electrical discharges occur in the transformer oil. When an electrical discharge is generated in the OLTC compartment, C2H2, due to its high solubility, leaks out of the OLTC compartment faster than H2 [21]. This results in a C2H2 concentration in the transformer oil greater than the H2 concentration. This transformer oil contamination from OLTC gases is known as communicating OLTC. When this occurs, the typical C2H2 concentration in the oil ranges from 2–20 ppm to 60–280 ppm according to the IEC guide [3].



In a previous study [16], a methodology to determine transformer oil contamination from OLTC gases was developed. This methodology was applied to 175 transformers with an OLTC. In the developed methodology, the criterion based on the C2H2/H2 ratio was applied to determine transformer oil contamination. Next, EK was applied, in which transformers with C2H2 concentrations equal to or higher than 10 ppm were studied considering the trend of their remaining DGA samples.



From this study, 26 power transformers were defined as contaminated by OLTC gas filtration in the main oil tank. These transformers had OLTC arc-breaking-in-oil (A-) and resistor (-R-) types. The number of power transformers with an OLTC design of a diverter switch and tap selector in the same oil compartment (-C) was 18, and the remaining 8 presented an OLTC design with the diverter switch and tap selector in different oil compartments (-S). Therefore, 18 power transformers defined as contaminated were of OLTC ARC type, and 8 were of OLTC ARS type.



The work presented in this article used the DGA results of the power transformers defined as contaminated in the previous study mentioned above. These DGA results correspond to those used to determine the contamination of the transformer and to the subsequent analyses carried out after the detection of the communicating OLTC. In order to make the working database reliable, the most recent DGA results were screened for abnormal or missing results according to the indications given in [4]. A total of 108 DGA results from 26 transformers were used in this study.




2.2. DGA Interpretation Methods


Power transformer fault-identification methods use the ratios of gas concentrations obtained from DGA to identify the fault. IRM, DTM, and DPM are the most commonly used methods listed in IEC and IEEE guidelines that allow visual representation of the data [3,4,17,18].



Following the screening of the DGA results described above, the fault-identification methods were then applied to the DGA samples of the transformers defined as contaminated. The selected methods to identify the fault of each DGA sample were DTM, DPM, and IRM. These methods were selected because a graphical representation was allowed. Thus, it was possible to observe the trend of the results.



IRM uses three gas concentration ratios to identify six faults, as shown in Table 2. From the ratios obtained in several DGA samples, it is possible to make a graphical representation of the evolution of the fault over time by plotting the ratios on three or two axes, as shown in Figure 1.



DTM uses three gas concentrations to identify the transformer faults. The gases used by DTM are CH4, C2H2, and C2H4. In DTM, a graphical representation is generated to identify the fault type using the percentages of the three gases, as shown in Figure 2. Such percentages are calculated as follows:


           %  C 2   H 2  =   100 x   x + y + z         %  C 2   H 4  =   100 y   x + y + z         % C  H 4  =   100 z   x + y + z             



(1)




where x, y, and z are the concentrations of C2H2, C2H4, and CH4, respectively, in ppm.



The graphical representation of several DGA samples allows for determining the fault trend. The coordinates of each DTM fault zone defined in Figure 2, expressed in relative percentages of CH4, C2H4, and C2H2, are as follows:




	
T1: (98, 2, 0), (98, 0, 2), (96, 0, 4), (76, 20, 4), (80, 20, 0)



	
T2: (80, 20, 0), (76, 20, 4), (46, 50, 4), (50, 50, 0)



	
T3: (50, 50, 0), (46, 50, 4), (35, 50, 15), (0, 85, 15), (0, 100, 0)



	
D+T: (96, 0, 4), (87, 0, 13), (64, 23, 13), (47, 40, 13), (31, 40, 29), (0, 71, 29), (0, 85, 15), (35, 50, 15), (46, 50, 4), (76, 20, 4)



	
PD: (98, 2, 0), (98, 0, 2), (100, 0, 0)



	
D1-H: (43, 23, 34), (64, 23, 13), (87, 0, 13), (0, 0, 100), (0, 23, 77), (13, 23, 64), (17, 20, 63), (39, 20, 41), (39, 23, 38)



	
D1-P: (39, 23, 38), (39, 20, 41), (17, 20, 63), (13, 23, 64)



	
D2-H: (0, 23, 77), (0, 71, 29), (31, 40, 29), (47, 40, 13), (64, 23, 13), (43, 23, 34), (41, 33, 26), (16, 35, 49), (13, 23, 64)



	
D2-P: (43, 23, 34), (41, 33, 26), (16, 35, 49), (13, 23, 64)








DPM uses five gas concentrations to define the transformer faults. As in IRM, DPM identifies the same six faults plus stray gassing (S). The gases used by DPM are C2H4, H2, C2H2, C2H6, and CH4. In DPM, the transformer fault is identified through a graphical representation of a pentagon. Each axis connecting the center of the pentagon to its vertices is associated with a gas, with 40% of the gas concentrations at the vertices, as shown in Figure 3.



The relative percentage of each gas is placed on the gas axes. The relative percentage of each gas is calculated using the following equations:


           %  H 2  =   100 v   v + w + x + y + z         %  C 2   H 2  =   100 w   v + w + x + y + z         %  C 2   H 4  =   100 x   v + w + x + y + z         % C  H 4  =   100 y   v + w + x + y + z         %  C 2   H 6  =   100 z   v + w + x + y + z             



(2)




where v, w, x, y, and z are the concentrations of H2, C2H2, C2H4, CH4, and C2H6, respectively, in ppm.



By plotting the five gas percentages of a DGA sample over the pentagon, an irregular polygon is obtained. The centroid of this irregular polygon identifies the fault type. The equations for calculating the centroid are:


      C x  =  1  6 A    ∑  i = 0   n − 1    (  x i  +  x  i + 1   )   (  x i   y  i + 1   −  x  i + 1    y i  )         C y  =  1  6 A    ∑  i = 0   n − 1    (  y i  +  y  i + 1   )   (  x i   y  i + 1   −  x  i + 1    y i  )        A =  1 2   ∑  i = 0   n − 1    (  x i   y  i + 1   −  x  i + 1    y i  )      



(3)




where   x i   and   y i   are the coordinates of the five points, A is the area of the irregular polygon, and   C x   and   C y   are the coordinates of the centroid.



The coordinates of each DPM fault zone are as follows:




	
PD: (0, 24.5), (0, 33), (−1, 24.5), (−1, 33)



	
D1-H: (0, 40), (38, 12), (32, −6), (11.03, 10.56), (10.19, 17.14), (0, 19.74)



	
D1-P: (0, 1.5), (0, 19.74), (10.19, 17.14), (11.03, 10.56), (4, 16), (0.97, 4.84)



	
D2-H: (11.03, 10.56), (32, −6), (24, −30), (−1, −2), (0, 1.5), (0.97, 4.84), (10.12, 7.25)



	
D2-P: (4, 16), (11.03, 10.56), (10.12, 7.25), (0.97, 4.84)



	
T3: (24, −30), (−1,−2), (−6,−4), (1, −32)



	
T2: (1, −32), (−6, −4), (−22.5, −32)



	
T1: (−22.5, −32), (−6, −4), (−1, −2), (0, 1.5), (−35, 3)



	
S: (−35, 3), (0, 1.5), (0, 24.5), (0, 33), (−1, 24.5), (−1, 33), (0, 40)








After applying the fault-identification methods described above to the DGA database of contaminated transformers, this work studied the pattern of results obtained. Then, based on the pattern of results obtained, this study proposes several modifications of the fault-identification methods in power transformer insulation. Finally, these modifications are tested and validated against several DGA results collected in references.





3. Application of Traditional DGA Interpretation Methods to Contaminated Transformers Data


This section presents the results of applying traditional fault-identification methods (IRM, DTM, and DPM) to the DGA results of contaminated transformers. Starting from the DGA database of contaminated power transformers explained in the previous section, this section analyses the pattern of results obtained in IRM, DTM, and DPM.



The pattern of results obtained using the DTM is shown in Figure 4. As shown in Figure 4, most of the DGA samples were concentrated in the zones that indicate arcing faults in oil (D1-H and D2-H), where the C2H2 percentage was higher than 60%, and the CH4 and C2H4 percentages were less than 10% and 40%, respectively. Several DGA samples were concentrated in the zones that indicate thermal faults (D+T and T3). According to these results, the samples presented a mixture of thermal faults and oil contamination from OLTC gases, given that C2H2 concentrations were higher than those generated in thermal faults.



The results of applying the DPM to the DGA samples from contaminated transformers are shown in Figure 5. The results of DGA samples from transformers determined to be contaminated according to the C2H2/H2 ratio criterion were in a very small area of D1-H and D2-H faults. Several DGA samples approached the boundary between faults D2-H and T3, which were from the same transformer that, as previously mentioned regarding DTM results, presented a mixture of thermal faults and oil contamination.



The results of DGA samples from the transformers defined as contaminated according to EK were dispersed in D1 and D2 fault zones. This is because the predominant gas was not only C2H2 in these DGA samples, and H2 and C2H4 concentrations were higher than in the case of application of the C2H2/H2 ratio criterion.



Figure 6 shows the results of applying IRM to DGA samples. As in the previous cases, the results were concentrated near and in the D1 and D2 fault zones. Samples of the transformer with a mixture of thermal faults and oil contamination were placed in fault zone T3, as expected. By applying this method, many results did not return fault identification, which is one of the disadvantages of IRM.



As a summary, Table 3 shows the number and types of faults identified by each of the selected methods. In DTM and DPM, the majority of results indicated D1-H and D2-H faults, 95 out of 108 DGA samples in both cases. In IRM, 33 DGA samples were identified as D1 or D2 faults, 5 as T3 faults, and 70 were not identified whatsoever.




4. DTM and DPM Modification Proposals


Based on the analysis of the patterns of results obtained using the DTM and DPM explained in the previous section, this section proposes modifications to the DTM and DPM fault zones. Given that most results were found in D1 and D2 fault zones (see Table 3), a new zone was created above them to indicate oil contamination from OLTC gases. This new zone is called oil contamination (OC). In the case of transformers that do not have OLTC, the OC zone should not be used; instead, the D1 and D2 zones below will be used to identify faults; thus, a dashed line was added in the new zone to distinguish between D1 and D2 faults.



Figure 7 shows a new OC fault zone for DTM. As mentioned above, the new zone corresponds to a C2H2 percentage greater than or equal to 60%, a CH4 percentage less than or equal to 10%, and a C2H4 percentage less than or equal to 40%.



The triangular coordinates of the new and modified zones, expressed in relative percentages of CH4, C2H4, and C2H2, are as follows:




	
D1-H: (10, 0, 90), (87, 0, 13), (64, 23, 13), (39, 23, 38), (39, 20, 41), (17, 20, 63), (13, 23, 64), (10, 23, 67).



	
D2-H: (10, 23, 67), (13, 23, 64), (16, 35, 49), (41, 33, 26), (43, 23, 34), (64, 23, 13), (47, 40, 13), (31, 40, 29), (0, 71, 29), (0, 40, 60), (10, 30, 60).



	
OC: (0, 0, 100), (10, 0, 90), (10, 30, 60), (0, 40, 60).








Figure 8 shows the new zone created for DPM. It is located in the D1 and D2 fault zones. Most of the DGA results presented in Figure 5 are grouped in this new area. As in the case of DTM, this new zone is called OC.



The new coordinates of the new and modified zones for DPM are as follows:




	
D1-H: (0, 40), (38, 12), (32, −6), (26.11, −1.37), (28.7, 6.9), (14.6, 18.3), (11.03, 10.56), (10.19, 17.14), (0, 19.74)



	
D2-H: (10.3, 7.9), (25.2, −4.3), (26.11, −1.37), (32, −6), (24, −30), (−1, −2), (0, 1.5), (0.97, 4.84), (10.12, 7.25)



	
OC: (14.6, 18.3), (11.03, 10.56), (10.3, 7.9), (25.2, −4.3), (26.11, −1.37), (28.7, 6.9)









5. Results—Application of Proposed DTM and DPM to DGA Data Extracted from Previous Studies


For the DTM and DPM versions proposed in the previous section, DGA samples extracted from [5,6,13,14,22,23,24,25,26,27,28,29,30,31] were used to validate the proposed modifications in the methods, as shown in Table A1, Table A2 and Table A3. The DGA samples used were identified in their references as D1 or D2 faults or oil contamination from OLTC gases. Only DGA samples identified as D1 or D2 faults were used because the new fault zone was located above them. DGA samples indicating oil contamination from OLTC gases were also used to validate the new fault zone of both methods.



Figure 9 shows the fault identification of DGA samples using the proposed DTM. Faults D1 and D2 are plotted in blue and green, respectively, and the transformer oil contamination is plotted in yellow. The numbers within the OC zone correspond to the DGA samples in Table A1, Table A2 and Table A3.



Note from Figure 9 that only two out of four DGA samples classified as contaminated from OLTC gases entered the new DTM zone. DGA samples nos. 1 and 2 were declared as contaminated after an inspection was conducted; holes were found to exist between the main conservator and the OLTC conservator. In this case, oil contamination occurred directly and not by filtration; the higher C2H2 solubility accelerated its diffusion outside the OLTC compartment. Given that the oil contamination flowed through a hole between the conservators, the gases generated in the OLTC mixed with the transformer oil; therefore, the proposed DTM did not correctly identify these DGA samples.



Figure 9 shows that 6 out of 28 DGA samples identified in [13,14,23,24,25,28,30,31] as D1 fault entered the new DTM zone. The DGA samples that entered the new zone were nos. 14, 20, 24, 28, 29, and 31. Samples nos. 14, 20, and 24 would be classified as contaminated according to the C2H2/H2 ratio. Concerning samples nos. 20 and 24, it was indicated in [24] that there was communicating OLTC. According to EK, samples nos. 28 and 29 would be defined as contaminated from the OLTC gases due to the high C2H2 concentration and low concentrations of the rest of the gases, except for H2, which presented similar values to the C2H2 concentration in both cases. Sample no. 31 belonged to a transformer with an off-load tap changer in each winding connected to a gas-insulated switchgear (GIS) [30]. Consequently, the new OC zone would not be taken into account during fault identification.



Figure 9 shows that 3 out of 44 DGA samples defined in previous studies as D2 fault entered the new zone of the proposed DTM. DGA samples entering the new zone were nos. 45, 46, and 73. DGA sample no. 73 met the condition of a C2H2/H2 ratio greater than 2, so it would be classified as contaminated. DGA samples nos. 45 and 46 had very high concentrations of H2 and C2H2, respectively, so it is assumed that an investigation was conducted to determine the origin of these gases.



Figure 10 shows the application of the DPM with the new zone created for the DGA samples in Table A1, Table A2 and Table A3. D1 and D2 faults are plotted in blue and green, respectively, and the transformer oil contamination is plotted in yellow. The numbers within the OC zone correspond to the DGA samples in Table A1, Table A2 and Table A3.



As in the case of the proposed DTM, the same two DGA samples that were determined to be contaminated from OLTC did not enter the OC zone, as shown in Figure 10.



Figure 10 shows that samples nos. 9, 14, 19, 20, and 24, identified as D1 faults, entered the OC zone. Samples nos. 14, 20, and 24, as previously commented, had a C2H2/H2 ratio higher than 2, so they would be identified as contaminated. Furthermore, samples nos. 20 and 24 had communicating OLTC [24]. Sample no. 9 also had a C2H2/H2 ratio higher than 2. Finally, sample DGA no. 19 would be classified as oil contamination, according to EK.



Concerning the DGA samples identified as D2 faults, 3 out of 44 DGA samples entered the OC zone, as shown in Figure 10. These samples were nos. 33, 46, and 73. Samples nos. 46 and 73 also entered the OC zone in the proposed DTM. DGA sample no. 33 met the condition of a C2H2/H2 ratio higher than 2, and also had a C2H2 concentration of 7672 ppm; therefore, it is assumed that inspections were performed to identify the source of this large concentration.




6. Discussion


As previously mentioned, it was observed that the majority of DGA samples that entered the new zones created in DTM and DPM would be classified as oil contamination from OLTC gases according to the C2H2/H2 ratio criterion or EK, as shown in Table 4 and Table 5. Furthermore, Table 4 and Table 5 show the DGA results in which the gas concentrations were very high (high-concentration column). For them, an additional inspection should be performed to determine the source of the gases because there was a high probability of active faults in addition to oil contamination from OLTC gases.



The DGA samples that entered the OC zone of the proposed DTM were 11 in total (14.7%). It was not possible to determine whether the new zone would be applied to a DGA sample because it was not known if the power transformer had OLTC [14]. In another DGA sample, the new zone would not be applied because the GIS transformer had an off-load tap changer [30]. According to [24], 4 DGA samples showed either contamination from OLTC gases or power transformers with communicating OLTC. Therefore, these DGA samples were correctly identified with the OC zone. Also, according to [24], 2 DGA samples from 2 power transformers without communicating OLTC entered the new zone, but they had very high gas concentrations; therefore, it is assumed that an inspection was performed to determine the origin of the gases. Finally, the samples from the 3 transformers in [25] would be classified as contaminated from OLTC gases by applying the C2H2/H2 ratio or EK; therefore, the identification through the proposed DTM worked.



The DGA samples that entered the new zone of the proposed DPM, without considering the DGA samples that showed contamination from OLTC gases, were 10 in total (13.3%). According to [24], 4 DGA samples showed either contamination from OLTC gases or power transformers with communicating OLTC. Therefore, they were correctly identified with the OC zone. Also, according to [24], 2 DGA samples from 2 power transformers without communicating OLTC entered the new zone, but they had very high gas concentrations; therefore, it is assumed that an inspection was performed to determine the origin of the gases. For 3 specific DGA samples [14], it was not possible to determine whether the application of the new OC zone worked because it was not known if the power transformers had OLTC. Finally, concerning the proposed DPM, a DGA sample in [25] would be classified as contaminated transformer oil according to the criterion of C2H2/H2 ratio; thus, the identification through the proposed DPM worked.



As seen above, the gas concentration ranges from the DGA results used to validate the method modifications that entered the new OC zone are 52–7672 and 4–1900 ppm for acetylene and hydrogen, respectively, while the concentration ranges from the DGA database for the contaminated transformers used to generate the method modifications are 10–273 and 0–334 ppm for acetylene and hydrogen, respectively. It is, therefore, not possible to define a range of absolute gas concentrations to distinguish between the presence of a fault and oil communication between the OLTC compartment and the main tank. According to the IEC guide [3], the range of typical acetylene concentrations in transformers with a communicating OLTC is 60–280 ppm. This range of concentrations is very similar to that used to generate the proposed modifications. As discussed above, the DGA results with very high acetylene concentrations identified in Table 4 and Table 5 should prompt a detailed investigation of the transformer to identify the source of the problem and attempt to correct it.



As indicated in [17], the concern for arcing in oil (D1-H and D2-H) and contamination from OLTC gases is much lower than for arcing in paper (D1-P and D2-P). Therefore, the investigation of arcing in oil and oil contamination can be delayed to observe the trend in gas concentrations or perform DGA on the OLTC oil to contrast the concentrations. The proposed modifications to the DTM and DPM are intended to assist the maintenance technician in deciding to define oil contamination or the presence of an active fault and, thus, to plan further investigations and the urgency with which they should be carried out.



The application of the modified methods may raise the question of whether the OC zone should be used to identify the defect or, on the contrary, whether the D2-P or D1-P zones below it should continue to be used. This is a limitation of the modifications proposed in this study; the knowledge of the maintenance technicians must not be forgotten when interpreting the DGA results. Maintenance engineers should interpret the DGA results and the gas increases between oil analyses to define the presence of a fault or oil contamination throughout the application of the new zone and, in addition, whether there may also be abnormal OLTC operation causing gas concentrations in the transformer oil to increase.



In summary, the proposed DTM and DPM worked correctly in most cases. However, note that the knowledge of the maintenance engineers, both in the interpretation of DGA results and the transformer duty and specifications, is critical to identifying oil contamination from OLTC gases or any other type of fault.




7. Conclusions


This study is based on a previous one [16] that developed a methodology to determine transformer oil contamination from OLTC gases. Fault identification through DTM and DPM of DGA samples from transformers identified as contaminated showed that most of the results were located in zones that presented high- and low-energy discharge faults. IRM graphical representation was also used to identify the faults, but most of the DGA samples were unidentified.



From the graphical representations of DTM and DPM, a zone indicating transformer oil contamination from OLTC gases was created over the D1-H and D2-H fault zones. This new area is called oil contamination (OC). The new OC zone in the DTM corresponds to a C2H2 percentage greater than or equal to 60%, a CH4 percentage less than or equal to 10%, and a C2H4 percentage less than or equal to 40%.



DGA samples extracted from previous studies that were identified as D1 or D2 faults or contaminated from OLTC were used to validate the proposed methods. It was found that 11 (14.7%) and 10 (13.3%) of the 75 DGA samples used entered the OC zone of the proposed DTM and DPM, respectively. In most DGA samples, the identification of OC faults worked correctly either by applying the criterion of C2H2/H2 ratio or EK on each DGA sample. Some DGA samples that entered the OC zone might not be considered if OLTC is not present, but this was not the case because the previous studies from which the used DGA samples were extracted did not indicate it.



The DTM and DPM modifications proposed in this study are intended to assist maintenance technicians in distinguishing between arcing faults and oil contamination from OLTC gases.



As future work, it is intended to continue the study of oil contamination between the OLTC compartment and the main tank by trying to correlate the DGA results of the transformer oil with the DGA results of the OLTC oil. This may be time-consuming as the DGA on the OLTC oil is not performed annually but on an exceptional basis, so it is complicated to have a good database of both types of results. It will also be necessary to take into account the fact that during the exhaustive inspections carried out periodically on OLTCs, the OLTC oil is usually changed if it is very dirty, so it will help to distinguish whether there is contamination of the transformer oil or whether the high concentrations of gases are due to the presence of a fault.
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Abbreviations


The following abbreviations are used in this manuscript:





	DGA
	Dissolved gas analysis



	DRM
	Doernenburg’s ratio method



	DPM
	Duval’s pentagon method



	DTM
	Duval’s triangle method



	EK
	Expert knowledge



	GIS
	Gas-insulated switchgear



	IRM
	IEC ratio method



	OLTC
	On-load tap changer



	RRM
	Rogers’ ratio method



	D+T
	Mixture of thermal and electrical faults



	D1
	Low-energy discharge



	D1-H
	Low-energy discharge in oil



	D1-P
	Low-energy discharge in paper



	D2
	High-energy discharge



	D2-H
	High-energy discharge in oil



	D2-P
	High-energy discharge in paper



	OC
	Oil contamination from OLTC gases



	PD
	Partial discharge



	S
	Stray gassing



	T1
	Thermal faults (<300 °C)



	T2
	Thermal faults (300–700 °C)



	T3
	Thermal faults (>700 °C)



	C2H2
	Acetylene



	C2H4
	Ethylene



	C2H6
	Ethane



	C3H6
	Propylene



	C3H8
	Propane



	CH4
	Methane



	CO
	Carbon monoxide



	CO2
	Carbon dioxide



	H2
	Hydrogen








Appendix A. DGA Dataset from References


The DGA samples used from references for validation of the proposed DTM and DPM are shown in Table A1, Table A2 and Table A3.





 





Table A1. DGA results from previous studies identified as contaminated from OLTC gases.






Table A1. DGA results from previous studies identified as contaminated from OLTC gases.





	Sample No.
	H2
	CH4
	C2H2
	C2H4
	C2H6
	CO
	CO2
	Ref.





	1
	92
	26
	54
	65
	20
	443
	3704
	[26]



	2
	160
	59
	63
	79
	41
	578
	3661
	[26]



	3
	8
	0
	101
	43
	0
	192
	4067
	[24]



	4
	4
	1
	52
	7
	2
	93
	519
	[24]










 





Table A2. DGA results from previous studies identified as D1.
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	Sample No.
	H2
	CH4
	C2H2
	C2H4
	C2H6
	CO
	CO2
	Ref.





	5
	130
	98
	56
	7
	65
	-
	-
	[13]



	6
	1790
	580
	619
	336
	321
	956
	4250
	[23]



	7
	120
	25
	40
	8
	1
	500
	1600
	[23]



	8
	81
	16
	9.9
	1
	1
	216
	1205
	[28]



	9
	109
	49
	345
	61
	89
	-
	-
	[14]



	10
	65.5
	23.3
	26
	2.1
	1
	-
	-
	[14]



	11
	14.1
	4
	9.5
	1.5
	1.3
	-
	-
	[14]



	12
	29.5
	4.5
	29.1
	3.5
	0.5
	-
	-
	[14]



	13
	266
	30.2
	60.2
	26.2
	4.9
	-
	-
	[14]



	14
	24
	13
	319
	43
	5
	-
	-
	[14]



	15
	274
	27
	97
	33
	5
	-
	-
	[14]



	16
	240
	20
	96
	28
	5
	-
	-
	[14]



	17
	307
	22
	109
	33
	2
	-
	-
	[14]



	18
	78
	20
	28
	13
	11
	-
	784
	[24]



	19
	305
	100
	541
	161
	33
	440
	3700
	[24]



	20
	543
	120
	1880
	411
	41
	76
	2800
	[24]



	21
	1230
	163
	692
	233
	27
	130
	115
	[24]



	22
	95
	10
	39
	11
	0
	122
	467
	[24]



	23
	6870
	1028
	5500
	900
	79
	29
	388
	[24]



	24
	1900
	285
	7730
	957
	31
	681
	732
	[24]



	25
	1084
	188
	769
	166
	8
	38
	199
	[24]



	26
	1464.1
	202.4
	486.4
	179.1
	63.6
	24.4
	840.9
	[31]



	27
	319.2
	60.5
	139.9
	47.1
	52.1
	569.3
	1644.9
	[31]



	28
	34
	3.7
	35
	4.1
	0.7
	562
	2530
	[25]



	29
	17
	1.3
	14
	1.6
	0.3
	102
	910
	[25]



	30
	1058
	133
	452
	97
	5
	9
	138
	[30]



	31
	2054
	219
	1735
	299
	12
	11
	66
	[30]



	32
	761
	130
	288
	44
	204
	54
	210
	[30]










 





Table A3. DGA results from previous studies identified as D2.
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	Sample No.
	H2
	CH4
	C2H2
	C2H4
	C2H6
	CO
	CO2
	Ref.





	33
	858
	1324
	7672
	2793
	208
	-
	-
	[14]



	34
	32.4
	5.5
	13.2
	12.6
	1.4
	-
	-
	[14]



	35
	800
	1393
	3000
	2817
	304
	-
	-
	[14]



	36
	4906
	8784
	9671
	9924
	1404
	-
	-
	[14]



	37
	497
	230
	122
	151
	51
	-
	-
	[14]



	38
	615
	200
	68
	102
	42
	-
	-
	[14]



	39
	594
	230
	102
	130
	44
	-
	-
	[14]



	40
	21
	34
	62
	47
	5
	-
	-
	[14]



	41
	1607
	615
	1294
	916
	80
	-
	-
	[14]



	42
	235
	39.45
	257
	210
	9.63
	-
	-
	[14]



	43
	512
	87
	185.21
	163.59
	11.5
	-
	-
	[14]



	44
	620
	325
	244
	181
	38
	1480
	2530
	[24]



	45
	1330
	10
	182
	66
	20
	231
	1820
	[24]



	46
	440
	89
	757
	304
	19
	299
	1190
	[24]



	47
	210
	43
	187
	102
	12
	167
	1070
	[24]



	48
	2850
	1115
	3675
	1987
	138
	2330
	4330
	[24]



	49
	7020
	1850
	4410
	2960
	0
	2140
	1000
	[24]



	50
	545
	130
	239
	153
	16
	660
	2850
	[24]



	51
	7150
	1440
	1760
	1210
	97
	608
	2260
	[24]



	52
	755
	229
	460
	404
	32
	845
	5580
	[24]



	53
	13,500
	6110
	4040
	4510
	212
	8690
	1460
	[24]



	54
	1570
	1110
	1830
	1780
	175
	135
	602
	[24]



	55
	3090
	5020
	2540
	3800
	323
	270
	400
	[24]



	56
	1820
	405
	634
	365
	35
	1010
	8610
	[24]



	57
	13
	3
	6
	3
	1
	4
	51
	[24]



	58
	137
	67
	104
	53
	7
	196
	1678
	[24]



	59
	34
	21
	56
	49
	4
	95
	315
	[24]



	60
	260
	215
	277
	334
	35
	130
	416
	[24]



	61
	75
	15
	26
	14
	7
	105
	322
	[24]



	62
	60
	5
	21
	21
	2
	188
	2510
	[24]



	63
	420
	250
	800
	530
	41
	300
	751
	[24]



	64
	310
	230
	760
	610
	54
	150
	631
	[24]



	65
	800
	160
	600
	260
	23
	490
	690
	[24]



	66
	1500
	395
	323
	395
	28
	365
	576
	[24]



	67
	20,000
	13,000
	57,000
	29,000
	1850
	2600
	2430
	[24]



	68
	3700
	1690
	3270
	2810
	128
	22
	86
	[24]



	69
	2770
	660
	763
	712
	54
	522
	1490
	[24]



	70
	1170
	255
	325
	312
	18
	5
	1800
	[24]



	71
	10,000
	6730
	10,400
	7330
	345
	1980
	3830
	[24]



	72
	1570
	735
	1740
	1330
	87
	711
	4240
	[24]



	73
	32
	3.9
	66
	26
	0.6
	248
	1960
	[25]



	74
	120
	31
	94
	66
	0
	48
	271
	[23]



	75
	31
	3
	67
	46
	8
	71
	4397
	[29]
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Figure 1. Graphical representation of the IRM on 2 and 3 axis (Adapted from [3]). 
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Figure 2. Latest version of DTM, developed in 2022, which distinguishes between low and high-energy discharges in oil or paper (Adapted from [17]). 
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Figure 3. Latest version of DPM, developed in 2022, which distinguishes between low and high-energy discharges in oil or paper (Adapted from [18]). 
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Figure 4. Application of DTM to DGA samples from transformers identified as contaminated in [16]. 
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Figure 5. Application of DPM to DGA samples from transformers identified as contaminated in [16]. 
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Figure 6. Application of IRM to DGA samples from transformers identified as contaminated in [16]. 
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Figure 7. Proposed modifications to DTM. 
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Figure 8. Proposed modifications to DPM. 
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Figure 9. Application of the proposed DTM to reference DGA samples. 
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Figure 10. Application of the proposed DPM to reference DGA samples. 
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Table 1. Gases generated by fault type [3,4].






Table 1. Gases generated by fault type [3,4].





	
Fault Type

	
Generated Gas




	
H2

	
CH4

	
C2H6

	
C2H4

	
C2H2






	
Thermal faults (<300 °C)

	
T1

	
∘

	
•

	
•

	
    ·    

	




	
Thermal faults (300–700 °C)

	
T2

	
∘

	
∘

	
∘

	
•

	
    ·    




	
Thermal faults (>700 °C)

	
T3

	
∘

	

	

	
•

	
∘




	
Partial discharge

	
PD

	
•

	
∘

	

	

	
    ·    




	
Low-energy discharge

	
D1

	
•

	

	

	
∘

	
•




	
High-energy discharge

	
D2

	
•

	

	

	
∘

	
•








•: major concentration; ∘: secondary concentration;    ·   : trace concentration.













 





Table 2. DGA interpretation of IRM [3].
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	Fault Type
	     C 2   H 2     C 2   H 4     
	    CH 4   H 2    
	     C 2   H 4     C 2   H 6     





	PD
	NS a
	<0.1
	<0.2



	D1
	>1
	0.1–0.5
	>1



	D2
	0.6–2.5
	0.1–0.5
	>2



	T1
	NS a
	>1 but NS a
	<1



	T2
	<0.1
	>1
	1–4



	T3
	<0.2 b
	>1
	>4







a NS = Non-significant regardless of the value; b An increasing value of the amount of C2H2 may indicate that the hot-spot temperature is higher than 1000 °C.













 





Table 3. Application of fault-identification methods to DGA samples from transformers identified as contaminated from OLTC gases.
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Method

	
Definition

Criteria

	
Fault Types

	
No Fault

Identified




	
D1

	
D1-H

	
D1-P

	
D2

	
D2-H

	
D2-P

	
D1/D2

	
D+T

	
T1

	
T2

	
T3

	
PD

	
S






	
DTM

	
IEC ratio

	
−

	
24

	
0

	
−

	
12

	
0

	
−

	
0

	
0

	
0

	
4

	
0

	
−

	
−




	
EK

	
−

	
28

	
1

	
−

	
31

	
2

	
−

	
5

	
0

	
0

	
1

	
0

	
−

	
−




	
Total

	
−

	
52

	
1

	
−

	
43

	
2

	
−

	
5

	
0

	
0

	
5

	
0

	
−

	
−




	
DPM

	
IEC ratio

	
−

	
26

	
0

	
−

	
14

	
0

	
−

	
−

	
0

	
0

	
0

	
0

	
0

	
−




	
EK

	
−

	
41

	
7

	
−

	
14

	
5

	
−

	
−

	
0

	
0

	
1

	
0

	
0

	
−




	
Total

	
−

	
67

	
7

	
−

	
28

	
5

	
−

	
−

	
0

	
0

	
1

	
0

	
0

	
−




	
IRM

	
IEC ratio

	
21

	
−

	
−

	
1

	
−

	
−

	
2

	
−

	
0

	
0

	
4

	
0

	
−

	
12




	
EK

	
6

	
−

	
−

	
1

	
−

	
−

	
2

	
−

	
0

	
0

	
1

	
0

	
−

	
58




	
Total

	
27

	
−

	
−

	
2

	
−

	
−

	
4

	
−

	
0

	
0

	
5

	
0

	
−

	
70








−: Not identifiable by the method.













 





Table 4. DGA samples that entered the new DTM zone.
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	Sample

No.
	Fault

Identified

from

References
	H2
	CH4
	C2H2
	C2H4
	C2H6
	CO
	CO2
	C2H2/H2

Ratio
	EK
	High Gas

Concentrations
	Ref.





	3
	Contamination

from OLTC
	8
	0
	101
	43
	0
	192
	4067
	✓
	✓
	
	[24]



	4
	Contamination

from OLTC
	4
	1
	52
	7
	2
	93
	519
	✓
	✓
	
	[24]



	14
	D1
	24
	13
	319
	43
	5
	-
	-
	✓
	✓
	
	[14]



	20
	D1
	543
	120
	1880
	411
	41
	76
	2800
	✓
	✓
	✓
	[24]



	24
	D1
	1900
	285
	7730
	957
	31
	681
	732
	✓
	✓
	✓
	[24]



	28
	D1
	34
	3.7
	35
	4.1
	0.7
	562
	2530
	
	✓
	
	[25]



	29
	D1
	17
	1.3
	14
	1.6
	0.3
	102
	910
	
	✓
	
	[25]



	31
	D1
	2054
	219
	1,735
	299
	12
	11
	66
	
	✓
	✓
	[30]



	45
	D2
	1330
	10
	182
	66
	20
	231
	1820
	
	✓
	✓
	[24]



	46
	D2
	440
	89
	757
	304
	19
	299
	1190
	
	✓
	✓
	[24]



	73
	D2
	32
	3.9
	66
	26
	0.6
	248
	1960
	✓
	✓
	
	[25]










 





Table 5. DGA samples that entered the new DPM zone.
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	Sample

No.
	Fault

Identified

from

References
	H2
	CH4
	C2H2
	C2H4
	C2H6
	CO
	CO2
	C2H2/H2

Ratio
	EK
	High Gas

Concentrations
	Ref.





	3
	Contamination

from OLTC
	8
	0
	101
	43
	0
	192
	4067
	✓
	✓
	
	[24]



	4
	Contamination

from OLTC
	4
	1
	52
	7
	2
	93
	519
	✓
	✓
	
	[24]



	9
	D1
	109
	49
	345
	61
	89
	-
	-
	✓
	✓
	
	[14]



	14
	D1
	24
	13
	319
	43
	5
	-
	-
	✓
	✓
	
	[14]



	19
	D1
	305
	100
	541
	161
	33
	440
	3700
	
	✓
	
	[24]



	20
	D1
	543
	120
	1880
	411
	41
	76
	2800
	✓
	✓
	✓
	[24]



	24
	D1
	1900
	285
	7730
	957
	31
	681
	732
	✓
	✓
	✓
	[24]



	33
	D2
	858
	1324
	7672
	2793
	208
	-
	-
	✓
	✓
	✓
	[14]



	46
	D2
	440
	89
	757
	304
	19
	299
	1190
	
	✓
	✓
	[24]



	73
	D2
	32
	3.9
	66
	26
	0.6
	248
	1960
	✓
	✓
	
	[25]
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