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SUMMARY

Reliability performance of high-voltage oil-filled electrical equipment largely depends on reliability of insulation. To date, the most common type of composite high-voltage insulation is a paper-oil insulation. High-voltage capacitors use different types of synthetic films (PP, PETF) instead of paper. High-voltage capacitors also use synthetic hydrocarbon fluid as liquid insulation. Composite insulation failure mode is characterized by irreversible physicochemical changes in insulation, occurring primarily in the weakest link – insulating fluid. Decomposition of insulating fluid is accompanied by formation of decay products, including gaseous products.
Currently the internal faults in high-voltage oil-filled electrical equipment are conventionally divided into two groups:
-  electrical faults – partial discharge, corona, arcing;

- thermal faults – overheating at low (150–300°С), medium (300–700°С) and high temperatures above 700°С.

Each of those faults is associated with a specific group of gaseous products of insulating fluids decomposition. Evaluation of quantitative and qualitative composition of these products gives an ability to identify a fault in high-voltage oil-filled electrical equipment.

Earlier studies [1,2] have shown that the phenomenon of cavitation in the insulating fluid causes decomposition of insulating fluids along with generation of gaseous products. The formulation of such products matches that gases produced by decaying fluids as affected by the partial discharge and heat.

Cavitation in high-voltage oil-filled electrical equipment is an underexplored phenomenon, yet we must consider the probability and the resulting impact of cavitation. For instance, the acoustic cavitation in transformer oil of power transformers and shunt reactors can be triggered by a core vibration caused by magnetostriction [3]. Power transformers which use forced circulation of transformer oil may be affected by hydrodynamic cavitation caused by a spot pressure drop in transformer oil flowing around obstacles.
Cavitation in power pulse capacitors may occur as a result of Coulomb and electrodynamic forces of interaction between capacitor plates [4].  
Therefore, we may acknowledge the occurrence of cavitation in high-voltage oil-filled electrical equipment, which causes the decomposition of insulating fluids comparable to degradation caused by the partial discharge and heat.
In presented study we endeavor to identify the mode of transformer oil degradation under the impact of ultrasonic cavitation, utilizing dissolved gas analysis (DGA) and comparative analysis of diagnostic findings, obtained by various methods of interpreting DGA data for high-voltage oil-filled equipment.
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1. DGA INTERPRETATION TECHNIQUES
The effect of cavitation-induced generation of gaseous decay products in transformer oil was reviewed based on interpretation techniques most commonly used by power companies:    
1. Doernenburg ratio 

2. Rogers ratio 

3. IEC 60599 (2007)

4. Key gas method 

5. Nomograph method

6. Duval’s Triangle

DGA interpretations by Doernenburg ratio, Rogers ratio and IEC 60599 are based on ratios of concentrations for characteristic pair of gases. Totally 6 characteristic gas ratios are used: R1=СН4/H2; R2= C2H2/C2H4; R3=C2H2/CH4; R4=C2H6/C2H2; R5=C2H6/CH4; R6=C2H4/C2H6 [5 - 12]. IEC 60599 (2007) makes use of extra pairs of gases O2/N2, CO2/CO, C2H2/H2.

Key gas method [13,14] is based on percentage of the basic gas for the given fault in the high-voltage oil-filled electrical equipment. Interpretation of analyses results is carried out by mere review of the facts. For example, generation of large volumes of hydrogen and small volumes of hydrocarbon gases is specific to a partial discharge. Thus the basic gas for a given fault is hydrogen and the fault can be identified by the percentage of this gas.

The  Nomograph method was first proposed by Japanese researchers. This method is based on determination of 5 gases concentrations: Н2, СН4, С2Н6, С2Н4, С2Н2. Trending the fault analyses data for power transformers gave birth to 13 most common “images” identifying the defect. To obtain the image, gas labels are plotted at equal intervals along the X axis in a particular sequence. Concentrations of gases as percent of maximum value are plotted along the Y axis. Gas of the highest concentration (exceeding the threshold value for the given type of oil-insulated equipment) appears to be the basic gas.  This gas concentration in ppm is taken as 100%. The fault is identified by comparing the obtained nomograph with the image.

Duval’s Triangle interpretation of DGA results was introduced by M. Duval in 1989. The diagnostics is performed by analyzing of 3 gases: ethylene methane (СН4),  (С2Н4) and  acetylene (С2Н2). Each side of the triangle corresponds to one of three gases.

We will leave out the description of each of these methods, as the scientific literature provides detailed information on each of them.


2. DESCRIPTION OF TEST APPARATUS

1 – ultrasonic generator 

2 – plunger with piezoceramic component 

3 – syringe with 3 way valve

Fig. 1 Apparatus for generation of ultrasonic cavitation in transformer oil (1 – ultrasonic generator, 2 – plunger with piezoceramic component, 3 – syringe with 3 way valve)

Study [1] shows that the qualitative composition of gases formed during deterioration of transformer oil and hydrocarbon fluids under ultrasonic cavitation is identical to that gases, generated in PD. The experiments on decomposition of hydrocarbon fluids were carried out in an open ultrasonic bath. In this case part of generated gaseous decomposition products eventually escaped to atmosphere. Subsequently, the apparatus was modified to minimize loss of gases.

The reviewed test apparatus is distinct from the apparatus mentioned in reference [15] in design of the syringe.  Instead of earlier applied medical syringe, a special syringe with a 3 way valve was used. The modified syringe provides sampling of oil, carrying out the experiment and injecting fluid sample directly into the DGA system, avoiding intermediate flushing in auxiliary vessels. That way we managed to minimize the loss of both the test fluid and gaseous components. Yet more important, we achieved high accuracy of the experiment results.

2.1 ROUTINE OF EXPERIMENT
The syringe was filled with transformer oil so that the oil level was 5–7 mm below the syringe top edge. This method made available the adequate surface area of oil for further drying and degassing. Thereafter, the syringe was placed in a vacuum vessel and stored for 24 hours at a temperature 60–70°С and residual pressure of 1 mm mercury. Then air was supplied to the vacuum vessel, the syringe was removed and headspace was blown out by the plunger. Further the syringe was sealed using the three-way valve to make the test fluid ready for the experiment. In case the tested transformer oil was saturated with air, oil was dried for 48 hours under normal pressure.

The experiments were carried out at two power levels of the ultrasonic unit – 50 W and 10 W. The duration of experiment did not exceed 30 minutes. Chromatographic analysis of gases dissolved in the testing fluid was carried out on in the isothermal mode using chromatograph Crystal-2000M.

2.2 THE OBJECT OF THE EXPERIMENT
Six samples of two types of transformer oil were tested – Russian brand GK and Nynas 10GX brand.
Table 1 presents data on brands of the tested oils, pretest procedures and ultrasonic exposure values.

Table 1. Brands of tested oils, pretest procedures

	 № of sample
	Brand of oil
	Capacity of ultrasonic unit,

W
	Time of drying and degassing, hours
	Remarks

	1
	GK
	50
	24
	Degassed

	2
	GK
	50
	24
	Degassed. Water was added to oil (1mcl)

	3
	GK
	50
	48*
	Oil saturated with atmospheric air 

	4
	GK
	10
	24
	Degassed

	5
	GK
	10
	48*
	Oil saturated with atmospheric air

	6
	Nynas
	50
	48*
	Oil saturated with atmospheric air


* oil drying was conducted without vacuum
Analysis of gases composition produced by ultrasonic decomposition of the transformer oil:
Table 2. Gases composition produced by ultrasonic decomposition of sample 1

	Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	2
	3,2
	4118
	10199
	2,4
	11,6
	82,8
	3,6
	0,5
	1,0

	5
	150,0
	3782
	10412
	114,8
	233,1
	125,2
	115,6
	19,5
	45,0

	10
	371,9
	3989
	12282
	266,5
	640,1
	217,1
	285,7
	43,2
	121,0

	25
	346,8
	4435
	14283
	232,1
	630,1
	225,1
	253,4
	35,3
	108,1


Table 3. Summary of diagnostic conclusions (according to data from Table 2)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	5
	not specified
	not specified
	not specified
	not specified
	Overheating, passing into arc
	Overheating, passing into arc

	10
	not specified
	not specified
	not specified
	not specified
	Sparking or arc
	Sparking or arc

	25
	not specified
	not specified
	not specified
	not specified
	Sparking or arc
	Sparking or arc


Table 4. Gases composition produced by ultrasonic decomposition of sample 2

	Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	2
	11,1
	3330,7
	9280,4
	8,5
	35,6
	116,4
	12,7
	1,4
	1,6

	4
	42,3
	2986,3
	9751,5
	44,6
	51,6
	89,1
	37,5
	8,1
	3,1

	6
	86,2
	2765,9
	8522,8
	58,7
	73,9
	99,5
	53,5
	10,5
	9,6

	8
	403,3
	2222,3
	8728,2
	375,0
	469,4
	160,1
	331,7
	67,4
	91,0


Table 5. Summary of diagnostic conclusions (according to data from Table 4)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	2
	not specified
	not specified
	not specified
	not specified
	Severe overheating, passing into arc
	Thermal defect (Т>7000С)

	4
	Thermal impact
	Hot spot
	Thermal impact
	not specified
	Severe overheating, passing into arc
	Severe overheating, passing into arc

	6
	not specified
	not specified.
	not specified
	not specified
	Sparking
	Discharge and thermal defect

	8
	not specified
	not specified
	not specified
	not specified
	Severe overheating, passing into arc
	Discharge and thermal defect


Table 6. Gases composition produced by ultrasonic decomposition of sample 3

	Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2 
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	2
	242,6
	21596,5
	68610,8
	273,1
	990,9
	413,2
	1031,2
	49,1
	178,3

	4
	399,8
	19852,2
	63838,8
	410,7
	1402,8
	475,3
	1667,1
	85,3
	244,4

	6
	713,4
	17285,7
	60312,6
	756,0
	2406,1
	681,7
	2905,2
	156,4
	431,2

	8
	1041,3
	13663,5
	52939,6
	1164,7
	3717,9
	1040,6
	3810,7
	232,5
	707,1


Table 7. Summary of diagnostic conclusions (according to data from Table 6)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	2
	not specified
	“hot spot”
	Overheating at Т>7000С
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	4
	not specified
	“hot spot”
	Overheating at Т>7000С
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	6
	not specified
	“hot spot”
	Overheating at Т>7000С
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	8
	not specified
	“hot spot”
	Overheating at Т>7000С
	not specified
	Severe overheating
	Thermal defect (Т>7000С)


Table 8. Gases composition produced by ultrasonic decomposition of sample 4

	 Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	5
	3,2
	3342,8
	11438,7
	3,1
	6,4
	69,8
	2,7
	0,5
	1,4

	10
	3,6
	2625,0
	9145,5
	8,2
	17,8
	84,3
	10,8
	1,5
	2,5

	15
	10,9
	3858,3
	9263,9
	12,9
	48,7
	153,6
	17,7
	2,1
	4,6

	20
	7,6
	754,2
	4715,1
	18,5
	15,4
	62,4
	16,7
	4,0
	0,9

	30
	41,9
	4902,9
	13312,4
	32,6
	117,1
	178,2
	41,0
	5,0
	15,1


Table 9. Summary of diagnostic conclusions (according to data from Table 8)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	5
	not specified
	Possibility of arcing
	not specified
	not specified
	Severe overheating, passing into arc
	Severe overheating, passing into arc

	10
	not specified
	“hot spot”
	not specified
	not specified
	Severe overheating, passing into arc
	Severe overheating, passing into arc

	15
	not specified
	“hot spot”
	not specified
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	20
	thermal influence
	“hot spot”
	Overheating at T>7000С
	not specified
	Severe overheating
	Thermal defect (300–700 0С)

	30
	not specified
	“hot spot”
	not specified
	not specified
	Severe overheating, passing into arc
	Discharge and thermal defect


Table 10. Gases composition produced by ultrasonic decomposition of sample 5

	Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	0
	0
	10195,0
	23502,2
	10,8
	0,9
	87,7
	0
	0
	0

	5
	4,4
	17652,1
	47661,5
	1,9
	5,4
	477,2
	2,2
	0,1
	0,3

	10
	62,6
	15166,7
	41189,0
	57,1
	122,6
	448,7
	301,0
	13,5
	11,0

	15
	92,2
	13746,6
	37563,0
	87,8
	206,7
	424,8
	442,7
	19,9
	26,4

	20
	250,2
	16013,1
	46624,8
	205,5
	502,3
	513,3
	920,6
	38,1
	62,4


 Table 11. Summary of diagnostic conclusions (according to data from Table 10)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	5
	not specified
	not specified
	not specified
	not specified
	Low intensity discharge
	Discharge and thermal defect

	10
	not specified
	not specified
	not specified
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	15
	not specified
	not specified
	not specified
	not specified
	Severe overheating
	Thermal defect (Т>7000С)

	20
	not specified
	not specified
	not specified
	not specified
	Severe overheating
	Thermal defect (Т>7000С)


Table 12. Gases composition produced by ultrasonic decomposition of sample 6

	Time of ultrasonic exposure
	Gases concentration, ppm

	
	H2
	O2
	N2
	CH4
	CO
	CO2
	C2H4
	C2H6
	C2H2

	0
	0
	6946
	12956
	0
	0
	0
	0
	0
	0

	2
	39
	8054
	18061
	49,6
	232,6
	279,6
	65,6
	8,0
	32,1


	5
	212,9
	7203,9
	19460
	208,3
	839,2
	562,3
	230,3
	33,0
	121,6

	8
	129,4
	8827,3
	22471
	148,5
	600,8
	448,0
	190,7
	24,5
	87,1


Table 13. Summary of diagnostic conclusions (according to data from Table 12)

	Time of ultrasonic exposure
	Methods of results interpretation

	
	Doernenburg
	Rogers
	IEC 60599
	Key gas method
	Nomograph
	Duval’s Triangle

	2
	not specified
	“hot spot”
	Overheating at t>7000С
	not specified
	Severe overheating, passing into arc
	Discharge and thermal defect

	5
	not specified
	Arcing
	not specified
	not specified
	Severe overheating, passing into arc
	Discharge and thermal defect

	8
	not specified
	“hot spot”
	Overheating at t>7000С
	not specified
	Severe overheating, passing into arc
	Discharge and thermal defect


It is interesting to note that according to data from Tables 3 and 11 the fault can be identified using only two methods of diagnosis (Nomograph method and Duval’s Triangle). In the first case, the failure mode is predominantly electrical, in the second case –a combination of electrical and thermal impacts.

Analysis of the summary conclusions in Table 14 according to data from Tables 2–13 shows that:

1. According to Dornenburg ratio the failure mode in 21 cases was not identified, in 2 cases thermal fault was identified;

2. According to Rogers ratio thermal fault was identified in 11 cases, electrical fault in 2 cases and the fault was not identified in other 10 cases.

3. According to IEC 60599 thermal faults were identified in 8 cases.

4. According to Key gas method no fault at all was identified.

5. According to Nomograph method 10 faults were identified as combined electrical and thermal faults, 9 cases were identified as severe overheating and 4 cases were identified as arcing. No unidentified diagnoses.

6. According to Duval’s Triangle 11 faults were identified as combined electrical and thermal faults, 10 faults – as a thermal fault and 2 faults were identified as electrical fault. No unidentified diagnoses.

Table 14. Statistical analysis of transformer oil diagnostics results under ultrasonic cavitation 

	Interpretation techniques
	Electrical fault
	Thermal fault
	Combined electrical and thermal fault
	Uncertain diagnoses, %

	Dornenburg ratio
	0
	2(8,7)
	0
	21(91,3)

	Rogers ratio
	2 (8,7)
	11 (47,8)
	0
	10 (43,5)

	IEC 60599
	0
	8 (34,8)
	0
	15 (65,2)

	Key gas method
	0
	0
	0
	23 (100)

	Nomograph
	4 (17,4)
	9 (39,1)
	10 (43,5)
	0 (0)

	Duval’s Triangle
	2 (8,7)
	10 (43,5)
	11 (47,8)
	0 (0)

	Total (%)
	8 (5,8)
	40 (30)
	21 (15,2)
	69 (50)


According to data in Table 14, taking into account all the interpretation techniques of DGA results, 50 percent of faults caused by impact of ultrasonic cavitation in the transformer oil cannot be identified, 8 percent of faults are identified as electrical, 15 percent of faults – as thermal and 30 percent of faults – as combined electrical and thermal.

In further analysis of experimental results it is necessary to account for the results of diagnostic decision credibility (Table 15), obtained by different techniques [16].


Table 15. Analysis of credibility for interpretation of  DGA results [16]

	Interpretation techniques
	Uncertain diagnosis, %
	Error diagnosis, %
	Total, %

	Key gas method
	0
	58
	58

	Rogers ratio
	33
	5
	38

	Dornenburg ratio
	26
	3
	29

	IEC 60599
	15
	8
	23

	Duval’s Triangle
	0
	4
	4


According to Table 15, the most effective interpretation technique is Duval’s Triangle, which identifies 96% of faults in high voltage oil-filled electrical equipment. IEC 60599 identifies 67% of faults.  Most ineffective interpretation technique is a Key gas method, which identifies only 42% of faults.

It is noteworthy that the authors [16] did not analyze the effectiveness of Nomograph method. According to data of Table 14, only two interpretation techniques produced no unidentified diagnosis – Nomograph method and Duval’s Triangle. Using these techniques the ultrasonic cavitation in transformer oil is identified in 45% of cases as combined electrical and thermal fault, in 40% – as thermal faults and in 15% – as electrical fault.

Summarizing, it is not possible to identify cavitation in high voltage oil-filled equipment by existing diagnosis techniques based on DGA of transformer oil as in elaborating these techniques only two types of faults were considered – these are thermal and electrical. At the same time, it is interesting to define for each of the existing techniques the ratios of gases pairs or "images" which identify the occurrence of cavitation in high-voltage equipment.

3. CONCLUSIONS
1. The impact of cavitation on the transformer oil is a specific type of power impact, resulting in aging of insulation with formation of specific gaseous products of transformer oil decomposition.

2. Modernized apparatus for laboratory testing of insulating fluids decomposition under ultrasonic cavitation has been developed. This apparatus provides high accuracy and reproducibility of the experiments using dedicated syringe with a 3 way valve and plunger with piezoceramic component to provoke ultrasonic cavitation in insulating fluids.

3. The findings of experimental research show that approximately 50% of occurrences of decomposition of oil of different grades induced by ultrasonic cavitation are not identified by any existing DGA methods for high-voltage oil-filled electrical equipment.  8% of occurrences of ultrasonic cavitation impact on transformer oil are identified as electrical impact, 15% of occurrences are identified as thermal impact and 30% of occurrences – as a combined electrical and thermal impact.        

4. A dedicated research should be undertaken to determine the relationship between pairs of gases concentrations ratios and "images", typical of insulation decomposition gaseous products formed by cavitation in high-voltage oil-filled electrical equipment. 
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