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ABSTRACT

Considering the objectives of “condition based preventative maintenance strategy”, 
condition monitoring and fault diagnosis of an MR M-type load tap changer (LTC) 
was assessed by applying several oil analysis techniques, followed by interpretation 
of the derived data. The interpretation revealed the oil low cleanliness level as well 
as in progress thermal fault with light coking or increased resistance of the contacts 
or severe arcing. As a result, overhauling and visual inspection were recommended in 
spite of  the suggested overhaul criteria by the manufacturer, which advised no overall 
repair for the pilot LTC at that time.

Finally by overhauling the pilot LTC, the observations from physical inspection 
were compared to the extracted results from oil analyses data interpretation, which 
were in close agreement with each other.

Keywords: Condition monitoring; DGA; fault diagnosis; LTC: oil analysis

INTRODUCTION

Load tap changers (LTCs) for power transformers are essential components of electrical 
networks. Depending on the size of a transformer, an outage due to equipment failure 
has an immediate effect on the distribution system supply and may lead to temporary 
power outage and also a significant financial loss (Schellhase et al., 2002; Redfern et 
al., 2001). 

LTC, which is immersed in insulating oil, is the only moveable part of a 
transformer and hence, experiences various aging mechanisms (Erbrink et al., 2009). 
It has been appraised that more than 30% of all transformer failures is due to faulty 
LTCs (Schellhase et al., 2002; EPRI Report #1001946, 2001). Generally, tap changer 
wear increases with time, load and the number of operations (Handley et al., 2001). 
The most frequent reasons for LTC’s failures have been reported to be mechanical 
malfunction, increased contact resistance, localized thermal stress, breakdown of the 
insulating oil, contact wear, etc. (Schellhase  et al., 2002 ).
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Among classical maintenance strategies; corrective maintenance, period based 
preventative maintenance and condition based preventative maintenance (Lyonnet, 
1991); the latter is considered as the best method for LTCs due to their important role 
on the running of the distribution system (Redfern et al., 2001).

There are various condition monitoring and diagnostic techniques for LTCs, which 
serve to detect the incipient signs of deterioration in the equipment. These methods 
enable utilities to choose “condition based maintenance” as their maintenance strategy, 
which brings several advantages such as increasing reliability of power delivery and 
distribution and also reduction in maintenance costs and number of maintenance visits 
(Redfern et al., 2001).   

In current study, regarding the benefits of choosing “condition based maintenance 
strategy”, condition monitoring and fault diagnosis for a pilot LTC were conducted 
by means of different oil analysis methods, including DGA, dissolved metals in oil 
analysis, suspended particles in oil analysis and breakdown voltage measurement. In 
following, a brief introduction of mentioned analyses is presented.

Dissolved gas analysis: The general purpose of DGA for LTCs is enhancing safety 
and reliability, while reducing cost. In fact, safety and reliability are improved through 
awareness of equipment condition, early detection of faults, avoidance of power 
quality concerns, and monitoring of suspect equipment. Moreover, cost reduction is 
achieved by avoidance or mitigation of outages, equipment damage, failures, and also 
by optimization of operation and maintenance (IEEE Standard C57.139, 2010). DGA 
as an effective, powerful, reliable and economical technique is being used to a great 
extent for condition monitoring and initial fault detection in transformers (Muhamad 
et al., 2007; Duval, 2006; Cox, Duval, 2008a). In recent years, it has been employed 
for fault detection in LTCs by IEEE Power & Energy society recommendation (IEEE 
Standard C57.139, 2010). 

The principle of this method is determining the types and amount of dissolved 
gasses in the equipment’s insulating oil and then interpreting the obtained results by 
recognizing certain patterns by which it is possible to distinguish between normal 
and faulty behavior of LTCs (IEEE Standard C57.139, 2010; EPRI report #1006654, 
2001; EPRI report #1012350, 2006). 

Analyses of dissolved metals and suspended particles in oil: Suspended particles, 
including metallic and non-metallic particles as well as dissolved metals could be 
present in LTC insulating oil. The source of these particles can be traced to external 
contaminants, oil degradation byproducts, or internal materials such as metals, carbon, 
or cellulose fibers (ASTM Standard D 6786-02, 2002). 

In LTCs, particles are formed from three main mecha nisms of wear, arcing and 
overheating (Levand & Griffin, 2004). Wear causes the formation of metal particles, 
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while arcing can form teardrop-shaped metal particles. Furthermore, organic particles 
such as carbon fines and larger conglomerations from the breakdown of the oil could 
also be produced by arcing. On the other hand, overheating increases the rate of decay 
of other materials and induces the formation of by-products such as polymerized oil 
films (Levand & Griffin, 2004). Determination of elements in insulating oils provides 
rapid screening of used oils for indications of wear and other contaminations. It also 
can be used to monitor equipment condition and help to find when corrective action 
is needed (ASTM Standard D 7151-05, 2005). The metals test, consisting of both 
particulate metals and those dissolved in the oil, is an extremely meaningful test 
indicating the amount of material that has been worn or sublimated from the moving 
and/or stationary con tacts and could be related to specific materials of the construction 
(Levand & Griffin, 2004). This technique is being used more frequently to diagnose 
conditions in an electrical apparatus (Levand, 2007). Particle counts provide a general 
degree of contamination level and may be useful in accessing the condition of the 
equipment (ASTM Standard D 6786-02, 2002).  

Breakdown voltage: High dielectric strength is the most important necessity of 
insulation oils. Using ASTM D 1816 (ASTM Standard D1816, 2012), the minimum 
breakdown voltage for insulating oils in LTCs could be 28 kV.

EXPERIMENTAL METHODS

Choosing an LTC

An LTC in a 230/63 kV substation was selected due to the possibility of overhauling 
in the near future. The unit was equipped with a sampling valve in the bottom of the 
apparatus which facilitated sampling procedure. The selected free breathing LTC was 
an MR M-type load tap changer (made in Germany) of a 125-MVA power transformer. 
The LTC’s type was MIIIY500 and it has been operating for 20 years and last was 
overhauled in August 2007.

Choosing the pilot LTC was due to the fact that, 230/63 kV transformers are 
considered key transformers in Iran. Furthermore, the pilot LTC is the most frequently 
being used LTC in the country.

Experimental work: sampling and analyzing procedure

Oil sampling was done three times in nearly three-month intervals. It should be noted 
that, the 1st and 2nd stages of oil sampling were carried out according to ASTM D 3613 
standard (ASTM Standard D3613-98, 1998), while due to the fault of maintenance 
team; the 3rd stage of oil sampling was not conducted in accordance with the mentioned 
standard. In fact, it had been planned to perform the 3rd stage sampling and then the 
pilot LTC be overhauled. However before sampling, the maintenance team drained 
the LTC oil; therefore, the 3rd stage sample was taken from the drained oil containing 
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suspending sludge and particles. This means that the obtained results in this stage, 
especially the results of the breakdown voltage and dissolved metals and suspended 
particles in oil, are not trustworthy.  

After each sampling, the specimens were sent to reliable laboratories, where 
dissolved gas analysis was carried out according to ASTM D 3612 standard (ASTM 
Standard D 3612, 2009). Furthermore, number of particles, particle size distribution 
and particle density were determined considering NAS 1638 (NAS 1638, 2001) 
and ISO 4406 (ISO 4406, 1999) standards. Analyses of the types of metals and 
contaminants in the oil were conducted according to ASTM D 7151 standard (ASTM 
Standard D 7151-05, 2005). Finally, the breakdown voltage was measured using 
ASTM D 1816 standard (ASTM Standard D1816, 2012). 

Sampling information has been tabulated in Table 1, which also contains the 
overhaul information.

Table 1. Sampling information for the pilot LTC

Sampling stage 1st 2nd 3rd & Overhaul

Sampling date Feb. 2012 May 2012 Oct. 2012

No. of operation 2568 3162 3894

Tap position 16 14 14

Oil Temp. 27ºC 37ºC 30ºC

Environ. Temp. 21ºC 30ºC 18ºC

RESULTS AND DISCUSSION

Results interpretation approach

In order to interpret DGA data, the resulted gas concentrations from analysis were 
compared to “the LTC monthly watch criteria” presented by Youngblood et al.. If 
none of the concentrations exceeded the limitations, the LTC performance would be 
concluded to be normal.  

In case of exceeding one of the gas concentrations from its threshold value, in order 
to investigate the possibility of fault presence, two different ratio methods suggested 
by EPRI (Schellhase et al., 1999) would be applied.

In the first ratio method using Table 2 ((Mackenzie et al., 2010) (originally from 
Schellhase et al., (1999)), three distinct diagnostic regions have been provided for 
contacts overheating: Needs attention, Damage possible and Damage detected. 
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Table 2. Interpretation criteria for the 1st gas ratio method for contacts overheating 
(Schellhase et al., 1999)

R Needs attention Damage possible Damage detected

FR ≤ 0.6 ≤ 0.35 ≤ 0.15

R1 ≥ 0.5 ≥ 0.6 ≥ 0.8

R2 ≥ 0.8 ≥ 4 ≥ 6

R3 ≥ 1 ≥ 6 ≥ 9

In the second ratio method (EPRI report #1012350, 2006) (originally from 
Schellhase et al., (1999), three separate diagnostic areas have been considered: 
Normal, Alert and Fault/Failure (Table 3).

Table 3. The 2nd gas ratio method fault alert limits (Schellhase et al.,1999)

Description code Codes in this study Normal Alert Fault/Failure

Simple arc ratio:
 [C

2
H

2
/TDCG]

B1 0.3-1.0 <0.3 ≤ 0.1

Total arc ratio: 
[(C

2
H

2
+ CH

4
+ H

2
)/TDCG] B2

0.7-1.0 <0.7 <0.7

Simple thermal ratio:
Log [C

2
H

4
/ C

2
H

2
] B3

<0 0-0.5 >0.5

Total thermal ratio:
Log [(C

2
H

4
+ C

2
H

6
)/ C

2
H

2
] B4

<0 0-0.5 >0.5

In the case of not laying data in the Normal ranges, the fault type would be identified 
applying the Duval triangle 2 (Duval, 2008b). 

Since there was not any published quantitative data for dissolved metal and 
suspended particles analyses in LTC's oil, it was attempted to relate the materials in 
oil to the specific material in LTC construction, external contaminations, oil additives, 
or products of oil deterioration, in the interpretation of the obtained data. 

The condition of the oil for breakdown voltage was evaluated considering the 
criteria mentioned in "Breakdown voltage" section.

DGA results interpretation

Figure 1 demonstrates the concentrations of dissolved gases in oil (including total 
dissolved combustible gases concentration (TDCG) for each sampling stage.

Using the LTC monthly watch criteria, it was revealed that the concentrations of 
hydrogen, ethylene and acetylene (key gases) for all sampling stages were beyond the 
criteria. Therefore, the gas concentration ratio methods were applied.
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For the first gas concentration ratio method (Mackenzie et al., 2010), following 
ratios were calculated:

                            (1)

                                   (2)

                                          (3)

                                                      (4)

Fig. 1. The concentrations of dissolved gases for the pilot LTC: a) key gases, b) other gases
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The results have been presented in Figure 2. This figure also shows the results of 
applying the second gas concentration ratio method (EPRI report #1012350, 2006) in 
which following ratios were used:

                                                       (5)

                                             (6)

                                                 (7)

                                         (8)

Fig. 2. Condition assessment of the pilot LTC using the first and the second gas 
concentration ratio methods

From this figure, there is no distinct difference between the derived results from the 
1st and the 2nd oil samplings. However, there is an obvious shift to a worse condition 
for the 3rd stage of sampling.

As one can see, none of the calculated ratios of all sampling stages data lay in 
normal range. Therefore, in order to identify fault type in the pilot LTC, the Duval 
triangle 2 was applied (Figure 3). The Triangle coordinates corresponding to DGA 
results were calculated using following equations:  
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                                   (9)

                                (10)

                                (11)

Regarding Figure 3, the crossing point for all sampling stages located in X3 
section, which corresponded to in progress thermal fault with light coking or increased 
resistance of the contacts or severe arcing. Therefore, it was recommended to test 
or inspect the LTC for signs of faults. However, this was in spite of the fact that 
the number of tap changes was very low (much lower than 80,000) and the number 
of years since last overhaul was less than seven years (the recommended overhaul 
criteria by the manufacturer).

Fig. 3. Fault diagnosis of the pilot LTC by means of the Duval triangle 2
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Interpretation of derived data from analyses of dissolved metals and 
suspended particles in oil

Concentrations of different elements have been shown in Figure 4. Since there was not 
any quantitative data for particles in LTC's oil in the literature, the derived results were 
compared to each other. Furthermore, it was attempted to relate the materials in the oil 
samples to the specific material in the LTC construction, external contamination or as 
a product of oil deterioration. 

Fig. 4. Elements’ concentrations (ppm) in the oil samples

As one can see, copper, the main element of the contacts, had the most concentration, 
especially in the 3rd stage of sampling. The presence of nickel, chrome, iron, aluminum, 
vanadium, molybdenum, titanium and zinc in the oil sample was attributed to wear 
of contacts. Regarding the conversations with the manufacturer, these elements were 
ingredients of the contacts. On the other hand, calcium, sodium and magnesium were 
related to oil additives and silicon was ascribed to be a result of dirt and external 
contaminants in the insulating oil.
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In Figure 5, optical microscopy images of the oil specimens for three oil sampling 
stages have been presented at 50x and 500x magnifications. As it is observed, the 
particles had the most densities in the 3rd stage sampling, which was a sign of oil low 
cleanliness level due to oil mixing in non-standard sampling conditions. 

Fig. 5. Optical microscopy image of a) the 1st stage, b) the 2nd stage and c) the 3rd stage oil sampling

Figure 6 depicts the particle size distributions based on NAS 1638 and ISO 4406 
standards for three oil sampling stages. These diagrams show that the number of 
particles in the oil had increasing trend, in order that the number of particles in oil in 
the 3rd stage was much more than that of the 2nd stage and also the number of particles 
in the oil in the 2nd stage was more than that of the 1st stage. It could be concluded that, 
the oil had the lowest cleanliness level in the 3rd stage of sampling.
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Fig. 6. Number of particles according to NAS 1638 and ISO 4406

Based on ISO 4406 standard, the oil cleanliness levels in the mentioned sampling 
stages were 23/20/15, 24/21/16 and 26/23/18 respectively, which confirmed that the 
oil had the lowest cleanliness level in the 3rd sampling stage.

Furthermore, Figure 7 shows the schematic of the particles in the oil samples (scale 
110:1), which were formed from different wear mechanisms. As one can see, the water 
droplet’s size and number had been increased considerably in the 3rd oil sampling 
stage, which was due to oil mixing in non-standard sampling procedure. In addition, 
since there was no tear drop-shaped metal particle it seems that the fault cause was 
not arcing.
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Fig. 7.  The schematic of the particles in three stages of oil sampling

The distributions of particles formed by different wear mechanisms in three stages 
of oil samplings have been depicted in Figure 8. This reveals that, the dominant 
mechanism of metallic particles’ formation was fatigue mechanism, which was a 
resultant of contacts heating and cooling cycles.
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Fig. 8. The distribution of particles formed by different wear mechanisms

In addition, particles number distribution based on their formation mechanism 
has been shown as a column diagram in Figure 9. Number of total particles showed 
a significant increase in the 3rd sampling stage compared with that of the former 
sampling stages.

In conclusion, regarding the oil low cleanliness level, oil replacement or filtration 
was advised. Furthermore, it seemed that the contacts were suffering from different 
wear mechanisms especially fatigue. Therefore, overhauling and visual inspection 
were recommended.
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Fig. 9. Particles number distribution based on their formation mechanisms

Interpretation of data from breakdown voltage measurements

The results of breakdown voltage measurements for three oil sampling stages were 68, 
51.8 and 19.2 kV, respectively. The parameter had decreasing tendency, but its values 
met the standards in the 1st and 2nd sampling stages. In the 3rd sampling stage, a value 
of 19.2 kV was obtained, which was much lower than acceptable criteria. However, 
due to non-standard sampling condition in the mentioned stage, no more conclusions 
could be reached.

Visual inspection results

By considering the conclusions from interpretation of the obtained data from different 
oil analyses, the pilot LTC was overhauled and visual inspection of its mechanism was 
performed. Physical inspection revealed that, the oil was dark, with low quality. This 
was in good agreement with the predicted results obtained from oil analysis data. 

Figure 10 presents the contacts of the pilot LTC on which wear and cocking signs 
are obvious. It is noteworthy that, contacts wear was foretold by particle analysis of the 
oil samples. Furthermore, the contacts' cocking was also predicted well by dissolved 
gas analysis.
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Fig. 10. Eye inspection of the contacts of the pilot LTC

CONCLUSIONS

Condition monitoring and fault diagnosis of an MR load tap changer (LTC) was 
performed using different oil analyses consisted of DGA, breakdown voltage 
measurement, dissolved metals and suspended particles in oil. The oil samplings were 
done in three stages and in nearly three-month intervals. Analyzing of the oil samples 
for dissolved gases was performed considering ASTM D3612 standard. Furthermore, 
analyses of dissolved metals and suspended particles in oil samples were conducted 
according to ISO4406, NAS1638 and ASTM D7151 standards. Finally, the breakdown 
voltage was measured using ASTM D1816 standard. 

DGA data interpretation was done applying the LTC monthly watch criteria, two 
different gas concentration ratio methods and the Duval triangle 2. This interpretation 
revealed that there were in progress thermal fault with light coking or increased 
resistance of the contacts or severe arcing in the LTC. Therefore, overhauling of the 
equipment was strongly recommended. However, this was despite the suggested 
overhaul criteria by the manufacturer, which recommended no overhaul for the pilot 
LTC at that time.
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The results from other analyses were used for determining contacts condition, wear 
mechanism and oil cleanliness level. The data interpretation disclosed the decreasing 
trend of the oil cleanliness level. Therefore, the recommended decision was replacing 
or filtering the oil in near future. Furthermore, the main contact wear mechanism was 
determined to be fatigue due to contacts heating and cooling cycles. 

After the last oil sampling, the pilot was overhauled. It is worth noting that, the 
results from overhaul and visual inspection of the LTC were in good agreement with 
the interpretation of the extracted data from different oil analyses. This confirms that, 
the different employed oil analyses could be applied for condition monitoring and 
fault diagnosis of LTCs. 
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