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We stipulate that APS is to take these results along with our conclusion about Unit 2’s
transformer as only academic recommendations.
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Research
Why do Transformers fail?

Insulation

In the research conducted by the team we found common causes for transformers to fail. Insulation
failures were the main cause of transformer failures in a study done by the Hartford Steam Boiler
Inspection & Insurance Company [1]. There are four main reasons as to why insulation fails:
moisture, acidity, heat, and oxidation [1]. As insulation ages it will naturally slowly breakdown [2].
Localized hotspots in a transformer will increase the premature aging of the insulation [2].
Overloading and a degraded cooling system will cause severe aging of the winding insulation. This
type of failure is a typical end of life failure [2]. If a transformer is running abnormally hot and/or
puts out less than normal voltage you can assume winding insulation failure causing windings to be
shorted together [2].

Design

Design, materials, and workmanship are the second leading cause of transformer failure according
to the Hartford Steam Boiler Inspection & Insurance Company [1]. This type of failure includes
situations like loose or unsupported leads, inadequate core insulation, poor brazing, loose blocking,
improper connection of dislike metals, and improper tightening of bolted connections [1]. Loose
clamping can result in arcing/sparking discharges which produce fine carbon contaminants
everywhere, particularly on the top frame surface [2]. Also, loose clamping can cause the coil
assembly to relax which can cause discharges and fine carbon contaminants inside the windings [2].
Oil contamination is also one of the top reasons for transformer failure [1]. The oil can get
contaminated in storage, transportation, and while in the transformer [3]. Transformer oil mainly
gets contaminated while in use inside the transformer. Paper insulation can dissolve in the
transformer from electrical and thermal stresses [3]. The electric fields inside a transformer can
cause conducting contaminants to move towards high field intensity, and develop a bridge [3]. This
bridge can cause arcing, and a hotspot further breaking down the oil [3].

Lightning

An investigation into failures claims that 17.32% of transformers fail because of lightning strikes
[4]. These lightning strikes can produce extreme voltages that transformers cannot handle. In fact,
the voltages can approach close to a million volts [5]. The impulse created by lightning causes large
magnitude traveling waves that causes serious harm to the electrical and mechanical integrity of
the transformer [6]. These failures could be a high magnitude overvoltage, a nonlinear distribution
along the winding, which could make a high voltage between turns, or resonance/partial-resonance
in the high voltage winding if they coincide with the excitation frequencies [7]. If the surge from the
strike appears at the terminals “The transformer main insulation (the insulation between HV
winding and LV winding, HV winding and core, or HV windings) will be threatened because of the
large magnitude of the lightning surge. On the other hand, the insulation between turns at the
beginning of the HV winding is often disproportionally more stressed because of the large potential
gradient appearing in the initial voltage distribution. Similar to switching over voltages and very
fast transients, it is possible that lightning overvoltage may excite partial winding resonance in the
transformer windings. The distance between the arrester and the transformer will determine the
overvoltage magnitude at the transformer HV terminals [7].” Line-surges and external short
circuits can cause the same type of damage as lightning strikes. Some companies have even started



to categorize these surge types more than lighting strikes, because the strike was not “confirmed”
even though it may have been suspected [1].

Overloading

An overload is when a transformer’s load exceeds its rated capacity. Overloading also causes a
transformer to fail and will significantly reduce the transformers life-cycle [8]. Overloading also
increases the deterioration of the transformer’s insulation [8]. When determining overload
practices, the top-oil temperatures should not be the sole guide used, because there are major
differences between this temperature and the temperature of hot-spots within the transformer [8].
“The hottest-spot winding temperature is the principal factor in determining life due to loading.
The temperature cannot be measured directly because of the hazards in placing a temperature
detector at the proper location because of voltage. Standard allowances have, therefore, been
obtained from tests made in the laboratory. The hottest-spot copper temperature is the sum of the
temperature of the cooling medium, the average temperature rise of the copper, and the hottest-
spot allowance. The hottest-spot allowance at rated load is 10 °C for transformers with 55 °C
average winding temperature rise by resistance and 15 °C for transformers with 65 °C average
winding temperature rise by resistance [8]. Overload has been said to account for 2% of
transformer failures [6].

What tests can be used to assess the condition of a transformer?

There are numerous tests that can be done to assess the health of a transformer. The majority of the
oil tests can be done while the transformer is online by taking a non-invasive oil sample. Other
electrical tests have to be done while the transformer is not in service.

Dissolved Gas-in-0il Analysis

The Dissolved Gas Analysis test analyses oil samples from a transformer and helps predict which
components that could be faulty. The different types of gases and the amount of those gases in the
oil sample indicate any irregular behavior that is happening in the transformer. The gases are
vacuumed from tightly-sealed containers that obtain small oil samples from transformers [9].

Water Content Test

The Water Content Test gives a reading for how much water, in parts per million, is in the liquid
insulating material (commonly mineral oil) inside the transformer. This test is important due to the
negative effect that water has on the dielectric material when is inside a transformer. A high water
content in the insulating material will lower its dielectric breakdown voltage. This can cause critical
failure in the transformer when the transformer’s voltage overcomes the lower dielectric
breakdown voltage [9].

Dielectric Strength Test

The oil in a transformer is meant to insulate electrical material from discharging or arcing due to
the high voltage coming into the transformer. The dielectric strength of an insulating material is a
measure of the material’s ability to withstand electrical stress without failing. This test passes an
electric current across a gap and records the voltage at which an arc occurs and when the dielectric



strength breaks down [10]. This measurement is compared to the original dielectric strength and
the condition of the transformer is predicted from that comparison.

Acidity Number

For oil analysis, testing the acidity of the oil can find problems with the insulation of the
transformer. Acids inside the transformer can come from overheating the oil which causes
decomposition and oxidation. Acids also come from moisture due to poor insulation. A high acidity
level in the oil is an indication of the rate of deterioration of the oil. Sludge is an inevitable by-
product of an acid situation so it is neglected [11].

Furaldehyde Test

In transformers, their solid insulation material is made of paper to help separate wires and prevent
arcing. Furaldehyde are chemicals that are created when the cellulose paper inside the transformer
degrades due to overheating [10]. These Furaldehyde chemicals that are found in the liquid
insulation material of the transformer can give an indication of the status of the solid insulation and
give a prediction of the health of the transformer.

Turns Ratio Test

A Turns Ratio Test is a common test for a transformer. The basic procedure is to apply a voltage to
the input of the transformer and measure the resulting voltage on the output. The ratio of the two
voltages is then compared to the ratio on the transformers nameplate. A deviation of more than 0.5%
suggests that there is a turn to turn fault within the transformer [12]. This test is an effective tool
for understanding the health of the transformers winding insulation.

Winding Resistance Test

The winding resistance test is an effective way to measure for opens or severely damaged windings.
The tap changers of a transformer also affect the resistance measured and could be tested during
this procedure [13]. The winding resistance of each phase is compared to each other; a deviation
less than 1% is acceptable. Also, these resistances should be checked against past Winding
Resistance test results, if applicable.

Excitation Current Test

An Excitation Current Test is a way to detect damage to the transformers core and/or its windings.
The procedure is to apply a voltage to each HV winding and measure the resulting current. The
applied voltage is normally no more than 10% of the rated voltage of that winding [6]. The results
of the two phases on the outside should be within 15% of each other. The center phase has a lower
magnetic reluctance, which results in a lower excitation current [6].

Frequency Response Analysis Test

The frequency response analysis test is used to determine movement of the transformers core,
windings, or other mechanical faults. The basic idea of this test is to see how the transformer
transmits a low voltage signal that changes in frequency [14]. By plotting the swept frequency vs.
amplitude (dB) a fault is shown when the graph of one phase varies significantly from the other two.



Power Factor Test

The power factor test is an effective method of testing the strength of the transformers insulation
before a fault occurs. The test is done by taking the ratio of the capacitive current and the resistive
current, known as the Power Factor [15]. Ambient temperature and relative humidity are taken
into account while performing this test. There are tables which are used to compensate for these
external factors. A PF less than 1% is expected for a transformer in good condition [6].
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Testing

Testing- Prior to Spring 2013 Outage

Dissolved Gas Analysis

For the analysis of the dissolved gasses that are in the transformer oil we used four different methods
that we have found to be useful during our research. The four methods of dissolved gas analysis are Key
Gases, Dornenburg’s Ratio, Rogers Ratio, and Duval’s Triangle. All of these tools, expect for Duval’s
Triangle, are thoroughly discussed in the IEEE Guide for the Interpretation of Gases Generated in Qil-
Immersed Transformers. The downside to these techniques is that don’t tell you about whether a fault is
active of if it only occurred in the past. Due to inaccuracies, none of these methods should be used alone
for interpretation of dissolved gas. However, using the results from all four techniques during analysis
can be useful in predicting what type of faults may have occurred inside of a transformer.

We have been and will continue to analyze the dozens of gas samples which has been provided to us by
APS. Using each of these four techniques on all of our data would be a time consuming and daunting
task. To help us with this issue we have programmed these analysis tools into excel. This enables us to
paste the gas data into a spreadsheet and the results from each technique are then automatically
generated. This is a useful tool for us to analyze our current data. In addition, APS will also be able to use
this for studying future gas samples.

Key Gases

The Key Gases technique evaluates the relative proportions of Carbon Monoxide, Hydrogen, Methane,
Ethane, Ethylene, and Acetylene. This method is helpful in interpreting the general type of fault which
may be located in the transformer. The premise is that certain gases will only form under specific
operating conditions of the transformer. Tables 1 through 4 are used for the key gases analysis.
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Table 2
Overheated Cellulose
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Dornenburg’s Ratio

Two of the tools we used for dissolved gas analysis compare ratios of the key gases described earlier.
Dornenburg Ratio is not often used because it requires high concentration of gases to be present in
order for the analysis to be considered valid. This being said, if the gas concentrations are great enough
then Dornenburg Ratio analysis can be an effective tool.

Table 5
Dornenburg Ratios for Key Gases
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Rogers Ratio

Roger’s ratio is similar to Dornenburg’s ratio because it not only looks at the ratio of key gases found but
also requires a minimum concentration for the gas sample to provide credible results. However, this tool
has been used for thousands of transformers and has provided credible results.

Table 7
Roger’s Ratios for Key Gases
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Duval’s Triangle

The Duval Triangle dissolved gas analysis tool has also been proven to be helpful in interpreting possible
faults within a transformer. It uses the proportions of the three key gases Acetylene, Ethylene, and
Methane to determine what type of fault may have occurred in the transformer. Duval’s Triangle should
be used with caution because it will always say that there is some kind of fault in the transformer even if
it is operating normally. In most cases, this tool is used after a fault has been determined by some other
method to verify the results. The benefit of this tool is that it will not only determine the type of fault
but also the severity.

Figure 4
Duval Triangle
Svinbols  Faulis Exanples
D Parial discharges Discharges of the cold plasma (corona) type in gas bubbles or voids, wath the possible formation of X-wax in
paper
D Discharges of low energy Partdal discharges of the sparking rvpe, mducing pinholes, carbomzed punchres m paper
Low energy arcing inducing carbonized perforation or surface wacking of paper or the fomuation of carbon
particles modl
D2 Discharges of high ensrgy Discharges in paper or oil, with power follow through, resuling in extensive damage to paper or large
formation of carbon particles in ofl, metal fusion. mipping of the equipment and gas alanms
DT Thermal and elsctmical fanlts Mixture of thermal and slectncal faults
T Thermal faulr, T=300°C Evidenced by paper muming browmish (=200°C) or carbomized (=300°C)
12 Thermal fault, 300<T<700°C  Carbonization of paper. formation of carbon particles in oil
I3 Thermal fault, T=700°C Extenzive formation of carbon particles m oil. metal coloration (300°C) or matal fusion (=1000°C)
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Below is a DGA sample taken on October 10 24™ 2012. During this time period two of the four oil
pumps were inactive causing improper circulation for cooling the mineral oil. All four DGA methods
indicate overheating of the oil which in likely due to the inactive pumps.

Ethylene 218.9954 Doernenburg ratio: Thermal Fault
Hydrogen 52.1718

Methane 107.0636 Rogers ratio: Thermal Fault<700°C
Ethane 137.2955

Acetylene 0.2361 Duval Triangle: Thermal Fault>700°C
6]0) 31.5989

TDCG 547.3613 Key Gas: Thermal - Oil
Water Content Analysis

Analyzing the data received from APS, we can infer some of the problems the transformer has gone
through in the past. One of the test results that will be looked at will be the results from the water
content test. The water content test detects the moisture content in parts per million (ppm) of the liquid
insulation.

Figure 5
Dissolved Gas Analysis Data Received from APS
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Relatively early on in the transformer’s life, there were spikes in the water content within the
transformer. In Figure 5, shows steep spikes as well as sharp drops in water content inside the
transformer. These step drops could be from result of APS fixing the transformer from year to year due
to the sudden increases in water content. As the timeline continues to October 2006, the water content
levels in the transformer start to stabilize at 10 ppm but those early fluctuations could have caused
damage to other parts of the transformer. The water content in the oil goes over 15 ppm in the water
content test three times and has past 20 ppm once sense 1991(close to half the transformer’s total life).
The Bureau of Reclamation has recommended that transformers over 230kV should never exceed 12
ppm so this water level in the oil of the transformer could be a sign of problems in the transformer.
These levels of moisture in a transformer could have happened due to small oil leaks which will allow
moisture in the transformer as well as the degradation of the solid insulation.

These signs of high water content could have a negative effect on the solid insulating material within the
transformer. The graph in Figure 6 gives us a relationship between moisture in oil and the moisture in
the paper insulation material; as the temperature in the oil decreases and moisture in the insulating oil
increase then the moisture in the paper insulation will increase. The green line in the graph shows the
characteristics of the transformer we are currently analyzing at one of its most critical water content
points. It should be noted that moisture in oil in not necessarily an indicator of moisture in paper. The
moisture content can change quickly during warm up and cool down of a transformer.

Solubility Limit, PPM
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£
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Figure 6
Moisture Equilibrium Curves

The IEEE Guide for Qil Filled Power Transformers gives us a guide on how to interpret the percent
moisture in the paper we gathered from the graph above. Our transformer has a 2% moisture in paper
which falls between the “dry paper” and “wet paper” condition given in Table 8.
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Table 8
Guidelines for interpretation of % moisture by dry weight of paper [18]

% Moisture by dry weight in paper Condition
0-2 Dry paper
2-4 Wet paper
>4.5 Excessively wet paper

Dissolved Gas Analysis - Oxygen

It is critical for life extension to keep transformers as dry and as free of oxygen as possible. Cellulose
degrades much faster than oil because it contains oxygen within its molecular structure. The
degradation process generates water, carbon dioxide and furfurals, and is accelerated by external
sources of oxygen, high temperature and high levels of oil acidity. The dissolved gas analysis data we
received from APS in Figure 7 shows that there was a spike of oxygen close to two years ago. This
spike of oxygen does not help the life of the transformer but stands as an incident that would reduce
the life of the transformer. The rise in oxygen could signal more water that was added to the paper
insulation and signal further reduction of the insulating properties of the paper.

Figure 7
Dissolved Gas Analysis Data Received from APS
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Hot Spot Analysis

Recently, thermal images were taken of the transformer we are assessing which indicated that there
were areas of extreme heat compared to the rest of the transformer, in Figure 8. Reasons why there was
a high water content in the transformer could be from degradation in the solid insulation material
between the coils of the transformer. Natural wear on the solid insulation could pose health problem
with the transformer because this drops the insulating material’s strength. Drops in the solid insulating
material strength can cause arching between the coils inside of the transformer and cause local hot
spots in certain areas of the transformer. Common among many of the transformer failures is a short
turn. The shorted turn develops as a result of breakdown of the solid insulation which causes winding

temperature to shoot up. The transformer shows signs of a short turn which would suggest that it’s at
the end of its life.

Figure 8
Thermal Picture Comparison of the Unit 2 Transformer

15



Preliminary Conclusion

Further tests need to be done to provide an accurate condition assessment for the transformer. Figure 9
describes the characteristics of a transformer when the insulation age drops after certain high load
stresses. It can be seen that past failures and stress affect the state of the transformer. When additional
tests are completed during and after the outage we can make our condition assessment.

M

Insulation
Spare
Margin

' | \

Failure

|~ Incidents ~]|

Insulation
Stress / \.

Increasing Age

Figure 9
A Conceptual Failure Model

Testing - During Outage
The following is the analysis of tests performed on April 1 2013 for the U2 GSU. These tests were
performed when the transformer was offline, and after the visual inspection. This occurred just prior to
the transformer going back online.

Overall Power Factor

The purpose of the Overall Power Factor test is to check for moisture and contamination in the oil and
embedded in the cellulose. A power factor greater than 1% for this test indicates that there may be
unwanted moisture or contamination in the transformer. All of these tests’ points were well below the 1%
limit. This is shown in the highlighted section of Table 9.

16



Table 9

Power Factor Data

Meas. Test KV mA ‘atts %PFE corr | Corr Fetr | Cap(pF) | IR, | IRam
CH+ CHL 10.005 96.179 3.559 1.00 255119

CH 10.002 33097 1.108 0.33 1.00 a017.6 G
CHL(UST) 10.003 62.130 2472 0.40 1.00 164803 G

CHL 62.182 2451 039 1.00 16494300 G

CL+ CHL 10.007 18080 8.175 1.00 479590

CL 10.003 11863 5.656 0.48 1.00 314668 D
CHL(UST) 10.003 62122 247 0.40 1.00 164782 G

CHL 62.170 2.519 0.41 1.00 16492200 G

CH 24108 0.793 0.33 1.00 6394.610

Bushing C1 Power Factor
The purpose of the Bushing C1 Power Factor test is to check for contamination in the main body of the
transformer. A power factor greater than 0.5% indicates that a bushing has deteriorated and should be
investigated. None of the test points were greater than 0.5% as shown in Table 10.

Table 10
Bushing C1 Power Factor Data
1] Serial # NP %Y | NP Cap | Test KV | mA ‘atts | Y0P corr | Corr Fetr | Cap (pF) | IR0 | IR
H1 | 5C07015303 0.27 455 10,005 |1.685 |0.0530 0.29 0935 44707 G
H2 | 5C07015302 0.26 452 10,006 |1.697 |0.0530 0.30 0.96 450.08 G
H3 | 5C07015301 032 461 10,005 | 1.695 | 0.0580 033 0.96 440 54 G
HO1 | 3C06932001 026 426 10.005 |1.605 | 0.0300 0.30 0.96 42579 G
HO02 | 5C06932003 0.26 425 10,005 | 1.603 |0.0510 0.31 0.96 42510 G
HO3 | 5C06932002 026 426 10.015 |1.604 | 0.0300 0.30 0.96 42541 G
Bushing C2 Power Factor

The purpose of the Bushing C2 Power Factor test is to check for contamination in the oil and the winding
tap area. A power factor greater than 1% indicates that a bushing has deteriorated and should be
investigated. Table 11 demonstrates that none of the test points were greater than 1%.

Table 11
Bushing C2 Power Factor Data
ID Serial # NP %PF NP Cap | Test EV | mA | Watts | %PF corr | Corr Fetr | Cap (pF) | IR, |IRpa
H1 | 3C0O7T015303 026 T267 2000 (2728407160 0.26 1.00 72374 G
H2? | 5C07015302 028 T270 2000 27242 0.7890 029 1.00 T226.1 G
H3 | 3C07015301 029 The4 2000 | 26300 0.7200 0.27 1.00 70292 G
HO1 | 5C06932001 0.16 369 05000 | 1.393 | 00210 015 1.00 36037 G
HO2 | 5C06932003 0.16 384 0.5000 | 1.453 |0.0530 036 1.00 38544 G
HO3 | 5C06932002 019 378 05000 | 1.429 |0.0520 036 1.00 37014 G
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Turns Ratio Test
The purpose of the Turns Ratio test is to check for shorts in the transformer windings. The U2 GSU is
used in the tap changer position 4. With the tap changer in this position, the minimum turn ratio value
is 13.741 and the maximum limit is 13.879. None of the winding ratios measured outside of the
acceptable range. This data was captured in Table 12.

Mir
Raytech
Connections
Tap | WP Volt | Tap
1 531250 | NA
2 538125 | NA
3 525000 | NA
4 511875 | NA
5 448750 | NA

Degree of Polymerization

NP Volt
21400
21400
21400
21400
21400

Table 12
Turns Ratio Data
Serial # HV Winding
261-110 LL
H1-HI1 HI-HO2
X1-X2 N1-X3
Cal Ratio 1l | Ratio 2 | Ratio 2 | Min. Lim
14.872 14.798
14 518 14.445
14.164 14.093
13810 | 13830 | 13.842 | 13852 13.741
13 456 13.388

LV Winding
L-L
H3 - HO3
X-3x1
Max. Lim | IR,,,
14 947
14.591
14.235
13.879 G

13.523

IR ..

During the visual inspection of the transformer, several cellulose insulation samples were taken from
varies areas of the transformer. These samples were sent to Doble Engineering for Degree of
Polymerization (DP) testing. A DP test will indicate the remaining life of the paper insulation of the

transformer.

Cellulosic insulation with DP values of 200 or below is considered near or at the end of the reliable life
and at this point the paper insulation has become mechanically compromised. Midlife is approximated
at a DP of 400 and new paper typically has a DP of about 1000 to 1300. Aging of the cellulose insulation
within a transformer is very rarely uniform and, therefore, the location where the sample is taken is
important. Out of the 6 samples tested the worst case is that the paper insulation has 86% of its life
remaining. This is very good for a transformer that has been in service for 38 years. This information is
shown in Table 13.

Table 13
Degree of Polymerization Data
Estimated
Remaining
Sample Sample Life to DP
# Report # Date DP 200 (%)
1 126644 04/03/2013 | 849 95
2 126644 04/03/2013 | 903 97
3 126644 04/03/2013 | 927 98
4 126644 04/03/2013 | 759 90
5 126644 04/03/2013 | 690 86
6 126644 04/03/2013 | 849 95
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Testing - After Outage

The following section contains the analysis of the data collected after the transformer was placed back
into service on April 1%, 2013.

Dissolved Gas Analysis (DGA)

Below is the DGA from the most recent oil sample from the transformer. This sample was taken on April
22" 2013, approximately 3 weeks after the transformer was put back into service. Three of the four
DGA methods show that there is “No Fault” with the transformer. Duval’s triangle does not have the
option to suggest that there is no fault and should only be used when another DGA method indicates
there is a fault.

ppm
Ethylene 23.1981 Dornenburg’s ratio:  No Fault
Hydrogen 9.1989
Methane 20.9397 Rogers ratio: No Fault
Ethane 42.8143
Acetylene 0 Duval Triangle: Thermal Fault>700°C
(6]0) 43.7089
TDCG 139.8599 Key Gas: No Fault

Closing Remarks

None of the tests performed indicate that the transformer is in poor condition. From the analysis of
data from test performed during the outage and dissolved gas analysis we are confident that the
transformer can continue to operate normally.

We recommend monthly sampling of the mineral oil for Dissolved Gas Analysis and oil fluid tests.

Any steady increase of gases or abnormalities in the fluid test during the monthly samples should
be investigated immediately.
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