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1. Introduction

This transformer, sn 289147, failed and caught fire on January 4, 2014. The information available shows
that the fault took more cycles than normal to be cleared. The transformer was on fire for about 66 hours.
The transformer sustained major damage due to the failure and the fire. The customer requested that
ABB inspect the transformer to try and identify the cause of the failure.

Also a comprehensive short circuit and dielectric study of the design is performed. There are four
transformers manufactured to the same design. These transformers are built by Canadian General
Electric under the Serial Numbers 288838, 288839 & 288894 in 1976 and 289147 in 1978.

Table 1 — Auto Transformer

Identification Canadian General Electric
Rating 75/100/125 MVA, ONAN/ONAF/ONAF, 65°C Rise, 3Ph, 60Hz
Voltage HV: 230 kV Grd Y, +5,-15 % ON Load taps

LV: 138 KV Grd Y.
TV: 6.9 KV Delta.

Lightning Insulation | HV: 900 kV BIL

Levels LV: 550 kV BIL
HV Neut: 110 kV BiIl
TV: 95 kV BIL

Core 3 phase unit, 3 legged design.

Windings On each leg from the core outward:
TV: Single layer, copper, MTC conductors.
Shield
LV : 5 Layers, copper, MTC conductors.
Shield

RV: 2 layers. Each with 4 multi starts, copper, MTC conductors.
HV : 5 Layers, copper, MTC conductors.
Shield.

Cooling Equipment | 5 Radiators (156 tubes each)
9 Fans 28 In Diam

Manufacturing Date | First 3 units built in 197, the last unit buit in 1978, in Guelph,
Ontario.
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Figure 1 - Schematic Diagram of the Windings
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2. Short Circuit Study

A 3D FEM leakage flux program was used to model this design. This program calculates the flux
pattern in the windings as well as the short circuit currents in each winding and the associated forces.

2.1. Procedure

System Impedance:

From the original design, the system available MV is 3000 MVA on 230 KV side and 2000 MVA on the
138 kV side. This will translate in a 4.167% Impedance on the 230 kV side and 6.25% impedance on
the 138 kV side on the 125 MVA base. These values are used in the analyses.

Short Circuit Calculation:
The transformer short circuit forces were analyzed with the on load tap changer on Rated, maximum
and minimum tap positions.

The transformer core and windings were modeled on a computer program to enable the magnetic field
and force calculations to be calculated. Program calculates the winding impedances between pairs of
winding and uses the system impedances to calculate the short circuit currents in the transformer
windings at the different tap positions. The program then calculates the axial and radial forces on each
winding. In this case the forces are calculated on each layer of each winding with more than one layer.

These forces are than used in the design program. From the characteristics of the windings and the
type of conductors used, the effect of the forces is derived and the allowable limits are calculated.

2.2. Windings Short Circuit Capability:

From the program results, the forces were calculated and compared with the allowed limits.

Table 2 - Short Circuit Calculations for the TV Winding (single Layer)

TV Winding ( Single Layer) Calculated Allowed
Average radial inward stress Psi 19 278 39 347
Dynamic conductor tilting stress Psi 11249 12000
Axial pressure on end rings Psi 10500 6000
Note:

This winding is failing on axial forces. The winding pressboard end rings are not strong enough to
sustain the axial force. The calculated force is higher than the strength of the end ring material.

The other stresses on this winding are within the limits of the design.
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Table 3 - Short Circuit Calculations for the Common Winding (Five Layers)

Common Winding ( Five Layers) Calculated Allowed
Average radial inward stress Psi 2899 24183
Dynamic conductor tilting stress Psi 3779 12000
Axial pressure on end rings Psi 5750 6000

Note:

This winding is adequately designed for the short forces for all the criteria that needed to be checked.

Table 4 - Short Circuit Calculations for the Tap Winding

Tap Winding ( Two Layers) Calculated Allowed
Average radial inward stress Psi 5805 22489
Dynamic conductor tilting stress Psi 1432 12000
Axial pressure on end rings Psi 3000 6000

Note:

This winding is adequately designed for the short forces for all the criteria that needed to be checked.

Table 5 - Short Circuit Calculations for the Series Winding (Five Layers)

Series Winding ( Five Layers) Calculated Allowed
Average radial outward stress Psi 11327 40000
Dynamic conductor tilting stress Psi 1763 2484
Axial pressure on end rings Psi 4000 6 000

Note:

This winding is adequately designed for the short forces for all the criteria that needed to be checked.
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3. Dielectric Study

The following is an insulation study of the transformer using ABB designs tools and standards.

3.1. Procedure

The design information was obtained from the archives and the transformer insulation clearances were
checked against ABB standards.

For the purpose of the study, it was assumed that the quality of the transformer oil and insulation was
acceptable for doing full level insulation testing as if the transformer was new.

3.2. Major Winding insulation
Below in

Table to Error! Reference source not found.3 are shown actual and allowed calculated electrical
clearance values for the major winding insulation. The calculation shows that the insulation
arrangement is satisfactory.

Table 6 — Radial Clearances

Actual Minimum
Core Leg - TV Winding mm 9 9
TV Winding - Ground Shield mm 11 8
Ground Shield - Common Winding mm 10 10
Common Winding - Tap Winding mm 11 11
Tap Winding — Series Winding mm 28 17
Phase — Phase mm 189 88

Table 7 — Axial Clearances

Actual Minimum
TV Winding — Core Yokes mm 157 33
Common Winding - Core Yokes mm 152 121
Tap Winding — Core Yokes mm 152 121
Series Winding — Core Yokes mm 233 204

All Winding leads, including tap leads, clearances to each other and to ground are within the design

allowed rules.

Xxxxxx — NALCOR Design Study & Failure Investigation
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4. Dissolved Gas in Oil Analysis (DGA)

4.1.SSD T1 - (CGE 289147)

Below is the report of the DGA data for the period of 1991 to 2013. The gas signatures for this
transformer are shown in Figure to Figure

The following is noted for the transformer DGA:

The concentration of Hydrogen (H2) has been well below IEEE C57.104-2008 guide condition
level 1 since 1991, the highest level was 49 ppm.

The concentration of Methane (CH4) and Ethane (C2H6) have been steadily low for the period
of the data provided. The Ethylene (C2H4) level is slightly above condition level one of the
IEEE C57.104-2008 guide since 1991.

The concentration of Acetylene (C2H2) has been above IEEE C57.104-2008 guide condition
level 2 since 1991. The level went up and down since then but was almost stable around the
10ppm. This could be oil leaking from LTC diverter compartment.

The carbon dioxide level has been below the IEEE C57.104-2008 guide condition level 2 for
the time period provided. The carbon monoxide level is slightly above the IEEE C57.104-2008
guide condition level 1 since 1991. However the ratio of CO2/CO is between 4 and 9. The
normal CO2/CO ratios are typically in the range of 5-9. The ratio of the carbon oxides
suggests that the concentrations are due to the normal aging process of the transformer.

Shown below in Figure 5 is a distribution plot of carbon oxide gas levels taken from a survey
by the IEEE Transformer Committee using > 520,000 data records of units in service. This very
large quantity of data is being used to revise the gas level limits in C57.104 (the famous Table
1 with condition 1 — 4 levels) — note that the levels will be increased. As can be seen, the oot
percentile levels are 700 ppm and 7500 for CO and CO2 respectively. Figure 6 shows the CO
distribution by age categories and for 30 — 40 years category, the 90" percentile is about 700
ppm. The history gassing on this transformer was around 500 ppm and 3600 ppm for CO and
CO2 respectively. Thus these levels are well below the 90" percentile of the IEEE data for the
age of this unit.

The presence of large concentrations of oxygen in the oil can promote the formation of acids in
the oil and cellulose and accelerate the aging rate of the cellulose insulation. It is
recommended that the concentration of oxygen in the transformer be less than 2000 ppm
(Refer to CIGRE report 323 — Aging of Cellulose in Mineral-Oil Insulated Transformers). The
transformer maintenance record (09/21/2007) provided by the customer does not mention if the
oil had ever been vacuum processed since 1991. The oil samples from this transformer have
consistently shown very high oxygen concentrations (>20,000 ppm). The source of this high
oxygen is the free-breathing oil conservator. To reduce the oxygen in the transformer oil and
eliminate the uncertainty concerning the gas generation.

Xxxxxx — NALCOR Design Study & Failure Investigation Draft Page 1
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4.2.SSD T4 — (CGE 288838)

Below is the report of the DGA data for the period of 1991 to 2013. The gas signatures for this
transformer are shown in Figure to Figure .

The following is noted for the transformer DGA:

The concentration of Hydrogen (H2) has been well below IEEE C57.104-2008 guide condition
level 1 since 1991, the highest level is 30 ppm.

The concentration of Methane (CH4) and Ethane (C2H6) have been steadily low for the period
of the data provided. The Ethylene (C2H4) level is slightly above condition level one of the
IEEE C57.104-2008 guide since 1991.

The concentration of Acetylene (C2H2) has been above IEEE C57.104-2008 guide condition
level 1 since 1991. The level went up and down since then but was almost stable around the
5ppm. This could be oil leaking from LTC diverter compartment.

The carbon dioxide level has been below the IEEE C57.104-2008 guide condition level 1 for
the time period provided. The carbon monoxide level is slightly above the IEEE C57.104-2008
guide condition level 1 between 1996 and 2004, however the level became normal after 2004.
The ratio of CO2/CO is between 5 and 10. The normal CO2/CO ratios are typically in the range
of 5-9. The ratio of the carbon oxides suggests that the concentrations are due to the normal
aging process of the transformer.

As can be seen from Figure 5 & 6, the 90" percentile levels are 700 ppm and 7500 for CO and
CO2 respectively. The 90™ percentile is about 700 ppm for the CO distribution by age
categories and for 30 — 40 years category. The history gassing on this transformer was around
450 ppm and 3000 ppm for CO and CO2 respectively. Thus these levels are below the 90"
percentile of the IEEE data for the age of this unit.

The presence of large concentrations of oxygen in the oil can promote the formation of acids in
the oil and cellulose and accelerate the aging rate of the cellulose insulation. It is
recommended that the concentration of oxygen in the transformer be less than 2000 ppm
(Refer to CIGRE report 323 — Aging of Cellulose in Mineral-Oil Insulated Transformers). The
transformer maintenance record (09/06/2012) provided by the customer does not mention if the
oil had ever been vacuum processed since 1991. The oil samples from this transformer have
consistently shown very high oxygen concentrations (>20,000 ppm) of oxygen. The source of
this high oxygen is the free-breathing oil conservator. To reduce the oxygen in the transformer
oil and eliminate the uncertainty concerning the gas generation, it is recommended to add a
conservator diaphragm. The diaphragm prevents oil from coming in contact with the air. This
will prevent moisture, excessive atmospheric gases from dissolving into the oil and it also helps
to keep all gases generated by the transformer in oil for more accurate diagnostics.
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4.3.STB T1 — (CGE 288894)

Below is the report of the DGA data for the period of 1977 to 2013. The gas signatures for this
transformer are shown in Figure 10 to Figure 12.

The following is noted for the transformer DGA:

The concentration of Hydrogen (H2) has been well below IEEE C57.104-2008 guide condition
level 1 since 1977, the highest level is 75 ppm in 1979.

The concentration of Methane (CH4) and Ethane (C2H6) have been steadily low for the period
of the data provided. The Ethylene (C2H4) level has been below condition level 1 of the IEEE
C57.104-2008 guide since 1977, except one sample (67 ppm) in 2009.

The concentration of Acetylene (C2H2) has been below IEEE C57.104-2008 guide condition
level 1 since 2009. However the DGA sample for the year 1979 shows high level of C2H2. This
could be a bad oil sample.

The carbon dioxide level has been above the IEEE C57.104-2008 guide condition level 1 for
the most of time period provided. The carbon monoxide level is above the IEEE C57.104-2008
guide condition level 1 for most of time as well. However the ratio of CO2/CO is between 4 and
9. The normal CO2/CO ratios are typically in the range of 5-9. The ratio of the carbon oxides
suggests that the concentrations are due to the normal aging process of the transformer.

As can be seen from Figure 5 & 6, the 90" percentile levels are 700 ppm and 7500 for CO and
CO2 respectively. The 90™ percentile is about 700 ppm for the CO distribution by age
categories and for 30 — 40 years category. The history gassing on this transformer was around
590 ppm and 4400 ppm for CO and CO2 respectively. Thus these levels are below the 90"
percentile of the IEEE data for the age of this unit.

The presence of large concentrations of oxygen in the oil can promote the formation of acids in
the oil and cellulose and accelerate the aging rate of the cellulose insulation. It is
recommended that the concentration of oxygen in the transformer be less than 2000 ppm
(Refer to CIGRE report 323 — Aging of Cellulose in Mineral-Oil Insulated Transformers). The
transformer maintenance record (09/22/2011) provided by the customer does not mention if the
oil had ever been vacuum processed since 1991. The oil samples from this transformer have
consistently shown very high oxygen concentrations (>20,000 ppm) of oxygen. The source of
this high oxygen is the free-breathing oil conservator. To reduce the oxygen in the transformer
oil and eliminate the uncertainty concerning the gas generation, it is recommended to add a
conservator diaphragm. The diaphragm prevents oil from coming in contact with the air. This
will prevent moisture, excessive atmospheric gases from dissolving into the oil and it also helps
to keep all gases generated by the transformer in oil for more accurate diagnostics

Xxxxxx — NALCOR Design Study & Failure Investigation Draft Page 8
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Atmospheric Gases (STB T1)
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4.4.STB T2 — (CGE 288839)

Below is the report of the DGA data for the period of 1977 to 2013. The gas signatures for this
transformer are shown in Figure 13 to Figure 15.

The following is noted for the transformer DGA:

The concentration of Hydrogen (H2) has been well below IEEE C57.104-2008 guide condition
level 1 since 1977, the highest level is 50 ppm in 1987.

The concentration of Methane (CH4) and Ethane (C2H6) have been steadily low for the period
of the data provided. The Ethylene (C2H4) level has been in condition level 2 of the IEEE
C57.104-2008 guide (50 ppm) since 2000.

The transformer has consistently shown high concentrations (>20 ppm) of Acetylene (C2H2)
since 1986, which is far above the IEEE C57.104-2008 guide condition level 2. The high
concentration of C2H2 indicates that possible high energy arcing occurred somewhere inside
the transformer. The other reason could be oil leaking from LTC diverter compartment. The
Acetylene levels are about 10ppm foe few years now. This needs to be monitored closely. Any
sudden increase of Acetylene needs to be investigated.

The carbon dioxide level has been above the IEEE C57.104-2008 guide condition level 1 for
the most of time period provided. The carbon monoxide level is above the IEEE C57.104-2008
guide condition level 1 for most of time as well. However the ratio of CO2/CO is between 5 and
10. The normal CO2/CO ratios are typically in the range of 5-9. The ratio of the carbon oxides
suggests that the concentrations are due to the normal aging process of the transformer.

As can be seen from Figure 5 & 6, the 90" percentile levels are 700 ppm and 7500 for CO and
CO2 respectively. The 90™ percentile is about 700 ppm for the CO distribution by age
categories and for 30 — 40 years category. The history gassing on this transformer was around
560 ppm and 5500 ppm for CO and CO2 respectively. Thus these levels are below the 90"
percentile of the IEEE data for the age of this unit.

The presence of large concentrations of oxygen in the oil can promote the formation of acids in
the oil and cellulose and accelerate the aging rate of the cellulose insulation. It is
recommended that the concentration of oxygen in the transformer be less than 2000 ppm
(Refer to CIGRE report 323 — Aging of Cellulose in Mineral-Oil Insulated Transformers). It is
unknown if the oil had ever been vacuum processed since 1977. The oil samples from this
transformer have consistently shown very high oxygen concentrations (>20,000 ppm) of
oxygen. The source of this high oxygen is the free-breathing oil conservator. To reduce the
oxygen in the transformer oil and eliminate the uncertainty concerning the gas generation, it is
recommended to add a conservator diaphragm. The diaphragm prevents oil from coming in
contact with the air. This will prevent moisture, excessive atmospheric gases from dissolving
into the oil and it also helps to keep all gases generated by the transformer in oil for more
accurate diagnostics
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Hydrocarbon Gases (STB T2)
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Figure 15 — Atmospheric Gases Concentrations
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5. General Oil Quality
5.1. SSD T1 - (CGE 289147)
2.1.1 Main Tank

Below is the report of the oil quality data results from 2009 to 2013. The history of the oil quality data
measured for this transformer is shown in Table .

The following can be observed:

The latest measured breakdown voltage (52.0 kV/mm on 09/11/2013) is above the minimum
requirement (30kV/mm) as outlined by Doble Engineering for = 230kV transformers with
service aged insulating oil based on D877 method. However ASTM D1816-97 is
recommended for testing fluid that is being processed into transformers and load tap changers.
The gap distance standard settings are 1 mm and 2 mm.

The interfacial tension values are around 28.0 dynes/cm2 which are below the 32 dynes/cm2
limit recommended by IEEE C57.106-2002 for = 230kV transformers. Lower values may
indicate oil soluble contaminants and oxidation products in oil.

The oxidation inhibitor values were not measured since 2009. The acceptable range is
between 0.08 and 0.30%. Oxygen inhibitors are helpful to minimize the effects of oxidation of
oil. The first choice of attack by oxygen in the oil is the inhibitor molecules. This keeps the oil
free from oxidation and its harmful by-products. As transformer ages, the oxidation inhibitor is
used up and need to be replaced.

The measured Acid Numbers for the oil samples in the past years are all below the
recommended limits (0.10 mg KOH/g) by IEEE C57.106-2002 for = 230kV transformers.

The measured power factor values at 25/100°C are all below the suggested limits as outlined
in IEEE C57.106-2002 for continue use of service-aged insulating oil.

IEEE C57.106-2002 Table 5 recommends that the maximum limit of water content in oil for
230KV transformers is not to exceed 10 ppm or 5% saturation at 50°C. The oil samples taken
from the main tank show moisture content of less than 10 ppm.

Table 8 - Oil Quality Data (Main Tank)

: Dielectric . Interfacial .

AN | b || S0 AT Tension Visual Power Factor |\ ter| % |Innibitor

Sample Date | Temp D877 D974 D971 Condition D924 (%)
o D1524 (ppm) | Satur. (%)

) (kV) (mg KOHIG) | (4ynesicm) 25°C /100 C
05/05/2009 30 55 0.03 28.6 Clear 0.062 | 1.38 2 2 -
03/22/2010 25 45 0.03 27.8 Clear 0.035 | 1.28 5 7 -
02/24/2012 20 59 0.03 26.9 Clear 0.123 | 2.62 2 4 -
03/13/2012 20 49 0.03 27.5 Clear 0.115 | 3.28 2 4 -
09/11/2013 35 52 0.03 28.1 Clear 0.166 | 2.94 3 3 -
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2.1.2 LTC Tank

Below is the report of the LTC oil quality data results for 2007, 2008 and 2012. The oil quality test is
not available for LTC-B,C in 2007. The history of the oil quality data measured for LTC-A,B,C is shown
in Table below.

The following can be observed:

e The measured breakdown voltage (around 22.0 kV/mm for LTC-A,B,C) is below the minimum
requirement (28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap) as outlined by IEEE
C57.106-2002 for LTC mounted at line end with = 69 kV rating and for service aged insulating
oil in LTC based on D1816 method. However the oil test reports do not mention gap distance.
(1 mm or 2 mm). If the dielectric strength of the oil drops below the suggested values given in
IEEE C57.106-2002, the oil should be reconditioned or changed.

e The interfacial tension values are around 36.0 dynes/cm2. However IEEE C57.106-2002 does
not specify any IFT limits for continued use of service aged insulating oil for load tap changers.

e The measured Acid Numbers for the oil samples are all below 0.10 mg KOH/g. However IEEE
C57.106-2002 does not specify any Acid number limits for load tap changers

e |EEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The oil samples taken from the LTC-A tank does show moisture
content of more than 25 ppm. If the water content exceeds the values given in IEEE C57.106-
2002, the oil should be reconditioned or changed.

Table 9 - Oil Quality Data (LTC Tank)

Fluid Dielectric | Acid Number Intgrfacial Color #
Sample Date [LTCID| Temp. Breakdown D974 Tension D971 Water
(°c) D1816 (kV) | (mg KOH/g) | (dynes/cm) A (ppm)
A 30 14 0.012 35.0 <3.0 43
06/27/2007 B - - - - ) -
C - - - - - -
A 45 25 0.016 36.3 <2.0 14
04/29/2008 B 35 22 0.014 35.5 <25 13
C 35 22 0.016 36.8 <2.5 9
A 35 22 0.011 38.7 <4.0 26
10/02/2012 B 35 22 0.015 38.1 <25 16
C 35 23 0.014 38.3 <4.0 18
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5.2. SSD T4 — (CGE 288838)
2.2.1 Main Tank

Below is the report of the oil quality data results from 2009 to 2013. The history of the oil quality data
measured for this transformer is shown in Table .

The following can be observed:

The latest measured breakdown voltage (52.0 kV/mm on 09/11/2013) is above the minimum
requirement (30kV/mm) as outlined by Doble Engineering for 230kV transformers with service
aged insulating oil based on D877 method. However ASTM D1816-97 is recommended for
testing fluid that is being processed into transformers and load tap changers. The gap distance
standard settings are 1 mm and 2 mm.

The interfacial tension values are around 33.6 dynes/cm2 which is slightly above the 32
dynes/cm2 limit recommended by IEEE C57.106-2002 for 230kV transformers. Lower values
may indicate oil soluble contaminants and oxidation products in oil.

The oxidation inhibitor values were not measured since 2009. The acceptable range is
between 0.08 and 0.30%. Oxygen inhibitors are helpful to minimize the effects of oxidation of
oil. The first choice of attack by oxygen in the oil is the inhibitor molecules. This keeps the oil
free from oxidation and its harmful by-products. As transformer ages, the oxidation inhibitor is
used up and need to be replaced. It is highly recommended to add oxidation inhibitor in the oil.

The measured Acid Numbers for the oil samples in the past years are all below the
recommended limits (0.10 mg KOH/g) by IEEE C57.106-2002 for 230kV transformers.

The measured power factor values at 25/100°C are all below the suggested limits as outlined
in IEEE C57.106-2002 for continue use of service-aged insulating oil.

IEEE C57.106-2002 Table 5 recommends that the maximum limit of water content in oil for
230KV transformers is not to exceed 10 ppm or 5% saturation at 50°C. The oil samples taken
from the main tank show moisture content of less than 10 ppm.

Table 10 - Oil Quality Data (Main Tank)

: Dielectric . Interfacial .

A | e b || S0 AL BT Tension Visual Power Factor |\ ter| % |Innibitor

Sample Date | Temp D877 D974 D971 Condition D924 (%)
o D1524 (ppm) | Satur. (%)

) (kV) (mg KOHIG) | (4ynesicm) 25°C /100 C
05/05/2009 34 56 0.01 33.6 Clear 0.066 | 1.04 2 2 -
03/22/2010 30 36 0.01 31.7 Clear 0.015 | 0.63 7 8 -
02/24/2012 25 33 0.02 32.0 Clear 0.042 | 1.24 2 3 -
03/13/2012 25 57 0.02 33.1 Clear 0.054 | 1.17 2 3 -
09/11/2013 42 52 0.02 33.6 Clear 0.054 | 1.91 4 3 -
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2.2.2 LTC Tank

Below is the report of the LTC oil quality data results for 2008 and 2012. The history of the oil quality
data measured for LTC-A,B,C is shown in Table below.

The following can be observed:

e The measured breakdown voltage (between 22.0 kV/mm and 29.0 kV/mm for LTC-A,B,C) is
below the minimum requirement (28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap) as
outlined by IEEE C57.106-2002 for LTC mounted at line end with = 69 kV rating and for
service- aged insulating oil in LTC based on D1816 method. However the oil test reports do
not mention gap distance. (1 mm or 2 mm?). If the dielectric strength of the oil drops below the
suggested values given in IEEE C57.106-2002, the oil should be reconditioned or changed.

e The interfacial tension values are around 39.0 dynes/cm2. However IEEE C57.106-2002 does
not specify any IFT limits for continued use of service aged insulating oil for load tap changers.

e The measured Acid Numbers for the oil samples are all below 0.10 mg KOH/g. However IEEE
C57.106-2002 does not specify any Acid number limits for load tap changers

o |EEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The oil samples taken from the LTC tank show moisture content
of less than 25 ppm. If the water content exceeds the values given in IEEE C57.106-2002, the
oil should be reconditioned or changed.

Table 11 - Oil Quality Data (LTC Tank)

Fluid Dielectric Acid Number Intgrfacial Color #
Sample Date |LTCID| Temp. Breakdown D974 Tension D971 Water
°C) D1816 (kV) | (mg KOH/g) | (dynesicm) | D190 (o)
A 33 - - - - 21
04/29/2008 B 33 21 0.014 37.3 <4.5 18
Cc 33 22 0.013 37.9 <4.5 14
A 45 18 0.011 39.1 <4.0 18
08/28/2012 B - - - - - -
C - - - - - -
A 40 22 0.012 39.7 <4.0 11
10/02/2012 B 40 25 0.011 39.4 <4.0 12
C 40 29 0.014 39.4 <2.5 24
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5.3. STB T1 — (CGE 288894)
2.3.1 Main Tank

Below is the report of the oil quality data results from 2009 to 2013. The history of the oil quality data
measured for this transformer is shown in Table .

The following can be observed:

The latest measured breakdown voltage (62.0 kV/mm on 03/14/2013) is above the minimum
requirement (50kV/mm) as outlined in IEEE C57.106-2002 for 230kV transformers with service
aged insulating oil based on D1816-2mm method.

The interfacial tension values are around 30.4 dynes/cm2 which is below the suggested limits
(32 dynes/cm2) recommended by IEEE C57.106-2002 for 230kV transformers. Lower values
may indicate oil soluble contaminants and oxidation products in oil.

The oxidation inhibitor values were not measured since 2009. The acceptable range is
between 0.08 and 0.30%. Oxygen inhibitors are helpful to minimize the effects of oxidation of
oil. The first choice of attack by oxygen in the oil is the inhibitor molecules. This keeps the oil
free from oxidation and its harmful by-products. As transformer ages, the oxidation inhibitor is
used up and need to be replaced. It is highly recommended to add oxidation inhibitor in the oil.

The measured Acid Numbers for the oil samples in the past years are all below the
recommended limits (0.10 mg KOH/g) by IEEE C57.106-2002 for 230kV transformers.

The measured power factor values at 25/100°C are all below the suggested limits as outlined
in IEEE C57.106-2002 for continue use of service-aged insulating oil.

IEEE C57.106-2002 Table 5 recommends that the maximum limit of water content in oil for
230kV transformers is not to exceed 10 ppm or 5% saturation at 50°C. The oil samples taken
from the main tank show moisture content of less than 10 ppm.

The BDV measurement on 03/14/2012 (in RED) was based on D1816-2mm method.

Table 12 - Oil Quality Data (Main Tank)

: Dielectric . Interfacial .

Fluid | g oakdown | Acid Number | “r o cion Visual Power Factor Water | % | Inhibitor

Sample Date | Temp D877 D974 D971 Condition D924 (%)
0 D1524 (ppm) Satur. (%)

) (kV) (Mg KOH/G) | (4ynesicm) 25°C /100 C
03/09/2009 | 35 53 0.02 32.6 Clear 0.043 | 0.98 2 2 -
03/15/2010 | 40 54 0.02 32.0 Clear 0.035 | 0.98 2 2 -
04/05/2011 40 45 0.02 31.0 Clear 0.065 | 1.49 4 3 -
02/13/2012 | 35 52 0.02 30.2 Clear 0.053 | 2.24 2 2 -
03/14/2013 | 40 62 0.02 304 Clear 0.058 | 1.39 3 2 -
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2.3.2 LTC Tank

Below is the report of the LTC oil quality data results from 2007 to 2010. The history of the oil quality
data measured for LTC-A,B,C is shown in Table below.

The following can be observed:

e The latest measured breakdown voltage is 30, 31 and 33 kV/mm for LTC-A,B,C. the suggested
limits is 28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap as outlined by IEEE C57.106-
2002 for LTC mounted at line end with = 69 kV rating and for service- aged insulating oil in LTC
based on D1816 method. However the oil test reports do not mention gap distance. (1 mm or
2 mm?). If the dielectric strength of the oil drops below the suggested values given in IEEE
C57.106-2002, the oil should be reconditioned or changed.

e The interfacial tension values are around 35.0 dynes/cm2. However IEEE C57.106-2002 does
not specify any IFT limits for continued use of service aged insulating oil for load tap changers.

e The measured Acid Numbers for the oil samples are all below 0.10 mg KOH/g. However IEEE
C57.106-2002 does not specify any Acid number limits for load tap changers

o |EEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The latest oil samples taken from the LTC tank show moisture
content of less than 25 ppm. If the water content exceeds the values given in IEEE C57.106-
2002, the oil should be reconditioned or changed.

o Note: The recorded temperature 22°C is much lower than the other phases.

Table 13 - Oil Quality Data (LTC Tank)

Fluid Dielectric | Acid Number Intgrfacial Color #
Sample Date | LTCID | Temp. | Breakdown D974 Tension D971 Water
(°C) D1816 (kV) | (mg KOH/g) | (dynes/cm) A (ppm)
Left 45 22 0.027 35.6 <3.5 28
08/06/2007 | Center 45 18 0.026 35.0 <3.5 29
Right 45 24 0.026 33.9 <3.5 12
Left 22 14 0.016 35.1 <2.0 42
07/18/2008 | Center 72 14 0.016 34.4 <3.0 40
Right 72 14 0.015 35.0 <2.5 41
Left - 31 0.016 35.5 <3.0 22
05/27/2010 | Center - 30 0.016 35.4 <3.5 15
Right - 33 0.016 35.7 <3.0 24
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5.4. STB T2 — (CGE 288839)
2.4.1 Main Tank

Below is the report of the oil quality data results from 05/2009 to 09/2013. The history of the oil quality
data measured for this transformer is shown in Table .

The following can be observed:

The latest measured breakdown voltage (68.0 kV/mm on 03/14/2013) is above the minimum
requirement (50kV/mm) as outlined in IEEE C57.106-2002 for 230kV transformers with service
aged insulating oil based on D1816-2mm method.

The interfacial tension values are around 28.7 dynes/cm2 which is below the suggested limits
(32 dynes/cm2) recommended by IEEE C57.106-2002 for 230kV transformers. Lower values
may indicate oil soluble contaminants and oxidation products in oil.

The oxidation inhibitor values were not measured since 2009. The acceptable range is
between 0.08 and 0.30%. Oxygen inhibitors are helpful to minimize the effects of oxidation of
oil. The first choice of attack by oxygen in the oil is the inhibitor molecules. This keeps the oil
free from oxidation and its harmful by-products. As transformer ages, the oxidation inhibitor is
used up and need to be replaced. It is highly recommended to add oxidation inhibitor in the oil.

The measured Acid Numbers for the oil samples in the past years are all below the
recommended limits (0.10 mg KOH/g) by IEEE C57.106-2002 for 230kV transformers.

The measured power factor values at 25/100°C are all below the suggested limits as outlined
in IEEE C57.106-2002 for continue use of service-aged insulating oil.

IEEE C57.106-2002 Table 5 recommends that the maximum limit of water content in oil for
230kV transformers is not to exceed 10 ppm or 5% saturation at 50°C. The oil samples taken
from the main tank show moisture content of less than 10 ppm.

The BDV measurement on 03/14/2012 (in RED) was based on D1816 method

Table 14 - Oil Quality Data (Main Tank)

. Dielectric . Interfacial .

Fluid | g oakdown | Acid Number | “r o cion Visual Power Factor Water | % | Inhibitor

Sample Date | Temp D877 D974 D971 Condition | D924 (%)
0 D1524 o (ppm) Satur. (%)

) (kV) (Mg KOH/G) | (4ynesicm) 25°C /100 C
03/09/2009 | 40 56 0.02 294 Clear 0.074 | 1.53 3 2 -
03/15/2010 | 49 56 0.02 294 Clear 0.059 | 1.59 2 1 -
04/05/2011 48 44 0.02 284 Clear 0.132 | 2.60 6 4 -
02/13/2012 | 43 45 0.03 271 Clear 0.098 | 2.98 3 2 -
03/14/2013 | 49 68 0.03 28.7 Clear 0.090 | 1.86 2 1 -
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242 LTC Tank

Below is the report of the LTC oil quality data results from 2007 to 2011. The history of the oil quality
data measured for LTC-A,B,C is shown in Table below.

The following can be observed:

The latest measured breakdown voltage is 17, 21 and 23 kV/mm for LTC-A,B,C. the suggested
minimum limits is 28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap as outlined by |IEEE
C57.106-2002 for LTC mounted at line end with = 69 kV rating and for service- aged insulating
oil in LTC based on D1816 method. However the oil test reports do not mention gap distance.
(1 mm or 2 mm?). If the dielectric strength of the oil drops below the suggested values given in
IEEE C57.106-2002, the oil should be reconditioned or changed.

The interfacial tension values are around 34.0 dynes/cm2. However IEEE C57.106-2002 does
not specify any IFT limits for continued use of service aged insulating oil for load tap changers.

The measured Acid Numbers for the oil samples are all below 0.10 mg KOH/g. However IEEE
C57.106-2002 does not specify any Acid number limits for load tap changers

IEEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The latest oil samples taken from the LTC tank show moisture
content of more than 25 ppm for all three LTCs. If the water content exceeds the values given
in IEEE C57.106-2002, the oil should be reconditioned or changed.

Table 15 - Oil Quality Data (LTC Tank)

Fluid Dielectric Acid Number Intgrfacial Color #
Sample Date | LTCID | Temp. | Breakdown D974 Tension D971 Water
(c) | D1816(kV) | (mg KOH/g) | (dynesicm) | P00 (o)
Left 52 25 0.022 34.4 <3.5 16
08/07/2007 | Center 52 20 0.024 33.8 <3.5 12
Right 52 23 0.022 35.0 <3.5 19
Left 42 17 0.015 35.5 <2.5 44
07/16/2008 | Center 42 22 0.015 34.5 <2.5 35
Right 42 25 0.018 32.6 <2.5 33
Left 52 23 0.015 33.8 <2.5 34
08/18/2011 | Center 52 17 0.016 33.8 <2.5 32
Right 52 21 0.018 341 5.0 42
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6. Transformer Power Factor Measurement
6.1. SSD T1 — (CGE 288147)

Doble test was available only for 2007. The overall test and bushings test results for this transformer
are shown in Tables 16 below.

The following is observed:

The winding power factor values (CH & CT) are below 0.5%. The negative P.F for CHT is most
likely because of the ground shield between the LV winding and the TV winding. Table 16-1

The C1 power factor and capacitance values for HV & LV bushings are all acceptable. IEEE
Std C57.19.01-2000 specifies a limit of 0.5% for C1 power factor for oil impregnated paper
insulated bushings. ABB recommends that the bushings be replaced whenever the power
factor is double the nameplate value. Table 16-2

The measured C2 capacitance for HV & LV bushings is higher than the nameplate values by
more than 10%. This needs to be compared to initial benchmark test results. Table 16-3

The hot collar tests for TV bushings and neutral bushing are below recommended limit (0.1 W
at 10 kV). Table 16-4
The Doble exciting current test are normal. Table 16-5

Table 16-1 — Doble Overall Test Results (2007)

L)

Meas. TestkvV|  maA Watts PR SO | capeR) IR, o[ IR o)
CH + CHT 10.016 116.87 3.600 0.31 1.00 31000.6
CH 10.010 116.15 3.605 0.31 1.00 30808.1] G
CHT(UST) 10.008 0.7090 -000.02 -0.28 1.00 188.02 |
CHT 0.720 -0.005 -0.07 1.00 192.500 |
CT + CHT 5.001 132.63 5.960 0.45 1.00 35180.3
CT 5.003 131.92 5.973 0.45 1.00 3499191 G
CHT(UST) 5.004 0.7070 -000.02 -0.28 1.00 187.58 |
CHT 0.710 -0.013 -0.18 1.00 188.400 |

Table 16-2 — Doble Bushing Test Results (2007)
Bushing C1
ID| Serial # | NP %PF | NP Cap | Test kV| mA | Watts | %PF corr | Corr Fetr | Cap (pF) | TR, ut0 | Rinan
H1| 250663 28 431 10.006 |1.599(0.0400 0.25 1.00 424 .25 G
H2| 250881 27 422 10.005 | 1.57110.0350f 0.22 1.00 416.75 G
H3| 251439 27 420 10.005 | 1.56410.0330 0.21 1.00 414.79 G
X1| 251307 24 359 10.005 |1.348(0.0310 0.23 1.00 357.50 G
X2] 251308 24 359 10.005 | 1.350(0.0300 0.22 1.00 358.05 G
X3| 251311 24 344 10.006 |1.295]0.0180 0.14 1.00 343.54 G
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Table 16-3 — Doble Bushing Test Results (2007)

Bushing C2

ID | Serial # | NP %PF | NP Cap | Test kV| mA | Watts | %PF corr | Corr Fetr | Cap (pF) | IR, .o | TR .0

H1| 250663 379 2.001 |1.606{0.0750 0.47 1.00 425.88 I

H2| 250881 384 2.000 }1.613]0.0910 0.56 1.00 427.82 |

H3| 251439 390 2.000 |1.643(0.0890 0.54 1.00 435.76 |

X1} 251307 339 | 2.000 §1.432]0.0950 0.66 1.00 379.89 1

X2| 251308 341 2.000 |1.434]0.0980 0.68 1.00 380.48 I

X3] 251311 366 2.000 |1.535]0.1250 0.81 1.00 407.20 I

Table 16-4 — Bushing Test Results (2007)
Hot Collar Test

Serial# | ID Test Mode Skirt # Test kV mA Watts IR, . IR ..

251458 | Y1 GROUND 1 10.003 0.1170 0.0360 G

251459 | Y2 GROUND 1 10.004 0.1210 0.0370 G
251457 | Y3 GROUND | 10.003 0.1210 0.0450 G
251456 N GROUND 1 10.003 0.1180 0.0790 G
Table 16-5 — Exciting Current Test Results (2007)
Doble Exciting Current Test
H1 - HO H2 - HO H3 - HO
DETC |LTC| TestkV | mA | Watts |{X| mA | Watts |X| mA | Watts |X| IR0 | Rpan
10.018 | 16.391 | 160.41 JL| 10.096 | 100.62 |C| 15.702 | 15498 |JL| G
5 9995 |17.782 | 172.67 |L| 10.996 | 109.95 |C| 17.073 | 16732 |[L] G
9 10.011 | 19.436 | 188.16 L] 12.059 | 120.59 |L| 18.687 | 182.66 |[L] G
13 10.011 | 21.338 | 205.56 jL| 13.347 | 133.12 |L| 20553 | 199.73 |[L] G
17 10.018 | 23.595 | 226.91 |L| 14.837 | 147.66 |L| 22.763 | 22082 |[L] G
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Doble test was available only for 2012. The overall test and bushings test results for this transformer
are shown in Tables 17 below.

The following is observed:

e The winding power factor value CH is below the allowed limit, but CT is above 0.5%. Please

compare to previous results. The negative P.F for CHT is most likely because of the ground
shield between the LV winding and the TV winding. Table 17-1

e The C1 power factor and capacitance values for HV & LV bushings are all acceptable. IEEE
Std C57.19.01-2000 specifies a limit of 0.5% for C1 power factor for oil impregnated paper
insulated bushings. ABB recommends that the bushings be replaced whenever the power
factor is double the nameplate value. Table 17-2

e The measured C2 capacitance for HV & LV bushings is higher than the nameplate values. This
needs to be compared to initial benchmark test results. Table 17-3

e The hot collar tests for TV bushings and neutral bushing are below recommended limit (0.1 W
at 10 kV). Table 17-4

o The Doble exciting current test are normal. Table 17-5

Table 17-1 — Doble Overall Test Results (2012)

Meas. TestkV|  mA Watts BPE ST | Cap(pF) [IR | Rnar
CH + CHT 10.010 121.82 3.893 1.00 | 32313.1
CH 10.006 121.09 3.986 0.33 1.00 |§321199] G
CHT(UST) 10.005 0.7240 -000.07 -0.97 1.00 192.10 |
CHT 0.730 -0.093 -1.27 1.00 193200 I
CT + CHT 5.003 130.06 11.414 1.00 | 34497.8
[cT 5.002 129.35 11.458 0.89 1.00 |343093| G
[CHT(UST) 5.003 0.7170 -000.06 -0.84 1.00 190.30 I
[CHT 0.710 -0.044 -0.62 100 | 188500 I
Table 17-2 — Doble Bushing Test Results (2012)
Bushing C1
ID| Serial # | NP %PF | NP Cap | Test kV| mA | Watts | %PF corr | Corr Fetr | Cap (pF) | IR, 560 | 'R iman
HI| 245304 3 416 10.008 | 1.554]0.0450 0.29 1.00 412.28 G
H2| 245325 25 421 10.008 | 1.575]0.0360 0.23 1.00 417.67 G
H3| 245303 .28 420 10.008 ]1.578]0.0430 0.27 1.00 418.47 G
X1] 245284 23 353 10.008 | 1.305}0.0290 0.22 1.00 346.11 G
X2| 245279 24 370 10.009 {1.398]0.0310 0.22 1.00 370.75 G
X3| 245280 .24 359 10.009 | 1.367]0.0440 0.32 1.00 362.63 G
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Table 17-3 — Doble Bushing Test Results (2012)
Bushing C2
ID| Serial # | NP %PF | NP Cap | Test kV| mA | Watts | %PF corr | Corr Fetr | Cap (pF) | IR ;400 | BRnan
H1| 245304 402 2.000 }1.640]0.0540 0.33 1.00 434.90 G
H2| 245325 388 2.000 ] 1.578]0.0520 0.33 1.00 418.49 D
H3| 245303 402 2.001 }1.626]0.0550 0.34 1.00 431.23 I
X1| 245284 377 2.000 |1.716]0.0900 0.52 1.00 455.10 G
X2| 245279 356 2.000 }1.439]0.0470 0.33 1.00 381.61 G
X3| 245280 383 2.000 ]1.526]0.0450 0.29 1.00 404.71 G
Table 17-4 — Bushing Test Results (2012)
Hot Collar Test
Serial # | ID | Test Mode Skirt# | TestkV mA Watts | IR, . | IR, ..
244961 Y1 GROUND | 10.006 0.1250 0.0740 G
244966 Y2 GROUND 1 10.006 0.1150 0.0230 G
244962 Y3 GROUND ] 10.007 0.1160 0.0250 -G
244699 N GROUND 1 10.007 0.1150 0.0630 G
Table 17-5 — Exciting Current Test Results (2012)
Doble Exciting Current Test
H1 - HO H2 - HO H3 - HO
DETC |LTC | TestkV | mA | Watts |X| mA | Watts |X| mA | Watts |X| IR, | IR __
| 10.027 | 14.950 | 147.67 |L| 10.418 | 104.09 |L] 15931 | 15239 |L] G
9 10.025 | 17.799 | 174.37 |L| 12.231 } 121.75 |L| 19.059 | 180.30 |JL|] G
17 10.035 | 21.646 | 210.67 |L| 15.000 | 148.47 |L| 23.184 | 21838 |L|] G
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Doble test was available only for 2011. The overall test and bushings test results for this transformer
are shown in Tables 18 below.

The following is observed:

e The winding power factor value CH & CT are below the allowed limit. The negative P.F for CHT
is most likely because of the ground shield between the LV winding and the TV winding. Table

18-1

e The C1 power factor and capacitance values for HV & LV bushings are all acceptable. IEEE
Std C57.19.01-2000 specifies a limit of 0.5% for C1 power factor for oil impregnated paper
insulated bushings. ABB recommends that the bushings be replaced whenever the power
factor is double the nameplate value. Table 18-2

o The measured C2 capacitance for HV & LV bushings is higher than the nameplate values. This
needs to be compared to initial benchmark test results. Table 18-3

e The hot collar tests for TV bushings and neutral bushing are below recommended limit (0.1 W
at 10 kV). Table 18-4

o The Doble exciting current test are normal. Table 18-5

Table 18-1 — Doble Overall Test Results (2011)

Meas. Test kV mA Watts ?Dl;f %2:: Cap(pF) TR0 R iman
CH + CHT 10.008 122,45 3.944 1.00 32481.4

CH 10.005 121.72 4.017 0.33 1.00 32287.1 G
CHT(UST) 10.005 0.7200 -000.08 -1.11 1.00 190.92 I

CHT 0.730 -0.073 -1.00 1.00 194.300 I

CT + CHT 4.001 129.24 4.660 1.00 34280.1

CT 4.001 128.52 4.634 0.36 1.00 34090.1 G
CHT(UST) 4.002 0.7160 0.0060 0.08 1.00 189.87 1

CHT 0.720 0.026 0.36 1.00 190.000

Table 18-2 — Doble Bushing Test Results (2011)

Bushing C1

ID| Serial | NP %PF | NP Cap | Test kV | mA | Watts | %PF corr | Corr Fetr | Cap(pF) | TR u¢0 | B iman
H3|247915 .24 417 10.008 |1.544]0.0350 0.23 1.00 409.52 G
X1]246782 .27 353 10.008 |1.317]0.0280 0.21 1.00 349.37 G
X2]246784 .27 353 10.008 |1.321]0.0280 0.21 1.00 350.33 G

X3] 246618 .27 352 10.008 }1.324]0.0280 0.21 1.00 351.12 G
H2|248124 .26 415 10.008 }1.536]0.0350 0.23 1.00 407.34 G

H1| 246741 28 409 10.008 |1.51310.0420 0.28 1.00 401.26 G
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Table 18-3 — Doble Bushing Test Results (2011)
Bushing C2
ID | Serial # | NP %PF | NP Cap | Test kV | mA | Watts | %PF corr | Corr Fetr | Cap(pF) | TR ui0 | TR 1an
H1| 246741 391 2.001 |1.649]0.0640 0.39 1.00 437.49 G
H2| 248124 392 2.000 |1.637]0.0640 0.39 1.00 434.34 G
H3| 247915 387 2.001 }1.651]0.0690 0.42 1.00 437.87 G
X1] 246782 359 2.000 |1.440]0.0390 0.27 1.00 382.06 G
X2| 246784 355 2.001 |1.413]0.0390 0.28 1.00 374.81 G
X3| 246618 354 2.000 |1.403]0.0380 0.27 1.00 372.23 G
Table 18-4 — Bushing Test Results (2011)
Hot Collar Test
Serial# | ID | Test Mode Skirt # Test kV mA Watts | IR0 | Ruan
248098 | Y1 GROUND 1 10.010 0.1020 0.0220 G
248096 | Y2 GROUND 1 10.009 0.1000 0.0270 G
248097 | Y3 GROUND 1 10.009 0.1030 0.0220 G
248095 N GROUND 1 10.006 0.1020 0.0240 G
Table 18-5 — Exciting Current Test Results (2011)
Doble Exciting Current Test
H1 - HO H2 - HO H3 - HO
DETC |LTC | TestkV | mA | Watts |X| mA | Watts |X| mA | Watts [X| IR, | IR .,
1 10.034 | 15.894 | 158.43 |L| 10.304 | 102.76 |C| 16.452 | 161.67 |L G
9 10.037 | 18.827 | 186.57 |L| 12.392 | 123.86 |L| 19.367 | 188.79 |[L| G
17 10.041 | 22.755 | 224.48 |L| 14.900 | 148.64 |L| 23.163 | 22470 |[L| G
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6.4. STB T2 — (CGE 288839)

Doble test was available only for 2008. The overall test and bushings test results for this transformer
are shown in Tables 19 below.

The following is observed:

The winding power factor value CH & CT are below the allowed limit. The negative P.F for CHT

is most likely because of the ground shield between the LV winding and the TV winding. Table
19-1

The C1 power factor and capacitance values for HV & LV bushings are all acceptable. IEEE
Std C57.19.01-2000 specifies a limit of 0.5% for C1 power factor for oil impregnated paper
insulated bushings. ABB recommends that the bushings be replaced whenever the power
factor is double the nameplate value. Table 19-2

The measured C2 capacitance for HV bushings is higher than the nameplate values by more
than 10%. This needs to be compared to initial benchmark test results and investigated. The
measured C2 capacitance for LV bushings is higher than the nameplate values but within 10%.
Table 19-3

The hot collar tests for TV bushings and neutral bushing are below recommended limit (0.1 W
at 10 kV). Table 19-4

The Doble exciting current test are normal. Table 19-5

Table 19-1 — Doble Overall Test Results (2008)

Meas. Test kV mA Watts TPE ST | CapF) [IR 0| Ronan
CH + CHT 10.011 122.14 3.635 0.26 0.88 32399.5

CH 10.004 121.38 3.650 0.26 0.88 32197.8 G
CHT(UST) 10.003 0.7200 -000.01 -0.12 0.88 191.08 |

CHT 0.760 -0.015 -0.18 0.88 201.700 |

CT + CHT 4.001 132.53 4.722 0.32 0.88 35153.3

CT 4.001 131.80 4.739 0.32 0.88 34961.5 G
CHT(UST) 4.001 0.7180 -000.01 -0.12 0.88 190.36 I

CHT 0.730 -0.017 -0.20 0.88 191.800 I

Table 19-2 — Doble Bushing Test Results (2008)

Bushing C1

ID| Serial | NP %PF | NP Cap | Test kV | mA | Watts | %PF corr | Corr Fetr | Cap(pF) | IR 30 | IR inan
H1] 246350 25 411 10.005 }1.525]0.0330 0.21 0.96 404.45 G

H2| 246448 28 433 10.005 ]1.611]0.0400 0.24 0.96 427.33 G

H3| 246447 28 434 10.005 |1.620]0.0420 0.25 0.96 429.61 G
X1]245184 26 369 10.005 |1.386]0.0330 0.23 0.96 367.76 G
X2]1243251 24 376 10.005 |1.403]0.0330 0.23 0.96 372.10 G

X3| 246347 25 352 10.004 }1.322]0.0280 0.20 0.96 350.72 G
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Table 19-3 — Doble Bushing Test Results (2008)
Bushing C2
ID| Serial | NP %PF | NP Cap | Test kV | mA | Watts | %PF corr | Corr Fetr | Cap(pF) | IR jut0 | R iman
H1] 246350 400 2.000 |1.701}0.0850 0.50 1.00 451.28 I
H2| 246448 379 2.000 |1.608]0.0730 0.45 1.00 426.63 I
H3| 246447 381 2.000 |1.602]0.0760 0.47 1.00 424.85 I
X1]245184 346 2.000 |1.404]0.0500 0.36 1.00 372.34 D
X2]243251 345 2.000 |1.422]10.0540 0.38 1.00 377.08 D
X3] 246347 374 2.000 }1.501}0.0500 0.33 1.00 398.04 D
Table 19-4 — Bushing Test Results (2008)
Hot Collar Test
TermID | ID | Test Mode Skirt# | TestkV mA watts | IR 0 | TRpyan
244967 Y1 GROUND 1 10.003 0.1160 0.0240 G
244953 Y2 GROUND 1 10.003 0.1160 0.0240 G
244959 Y3 GROUND 1 10.003 0.1180 0.0260 G
244964 N GROUND 1 10.003 0.1140 0.0260 G
Table 19-5 — Exciting Current Test Results (2008)
Doble Exciting Current Test
H1 - HO H2 - HO H3-H0
DETC | LTC| TestkV | mA | Watts |X| mA | Watts [X] mA | Watts |X| IR0 | BRnan
1 10.017 | 15471 | 153.74 |L| 9.875 | 98.173 |C| 15410 | 151.83 |[L}] G
9 10.010 | 18.174 | 179.19 |L| 11.737 | 117.36 |C| 18.256 | 178.57 |L G
17 10.016 | 22.002 | 21540 |L| 14.332 | 142.83 |L| 22.102 | 21490 {[L] G
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7. Maintenance History
7.1. SSD T1 - (CGE 289147)

Electrical testing was performed in this transformer on 2007. The tests included winding resistance,
insulation resistance and polarization index test. The test results are shown in Error! Reference source
not found.20 below.

e The winding resistance test for HV winding is consistent between phases, however the
measured resistance is much lower than the other results for the sister units.

e The winding resistance tests for LV & TV windings are consistent between phases, and also
very close to the other sister units.

e The ratio test and core Megger test was not performed.

e The insulation resistance test was performed and results look normal in G-ohms, however the
polarization index is lower than the ABB suggested value of 2.0 for HV/LV to ground.
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Test Date: .4p]t3 105 Test Completed By: (- - J.D.E. W/O #:

N HL ool [1mim - 184 | emiv 595 3.8 Yo
P I Jemin
L%z 1 Min. Mega 2 | 10 Min. Mega 0 | Index. %

HL-G Y fwesled 1 Min. 2-ZZ megna | 10Min. 3 - b Megaa | Index. /52 %
~ Tevt.— Guowdad
CORE GROUND: ( 500 Volt test )
Externally Connected ves_ No
RESISTOR: ( Ohms ) CORE GROUND: ( Mega Ohms )
Table 20-2 — Winding Resistance Test Results
TAP POSITION WINDING CURRENT | RESISTANCE | % CURRENT | RESISTANCE | RESISTANCE
TESTED RANGE RANGE DELTAx 1.5
Found 7 g SermA A Y DB §
Found ‘ wl 8 M 2 106.3 % s i
Found of C Spoad 2 (08, ¢ 3. PTEN
Max. Raise ;7 g A 00,1 2 (o6 £  F5ES
Max.Raise /7 | » B Fov i 2 106.5 % 41
Max. Raise ;7 g [ 30y 2 x 1065 [ 6t
Max. Lower _} 4 Soom A 2 ¥ _focd e LY
Max. Lower g 3 4"-‘4\ AN 2 oo 4 ¥58
Max. Lower C ATt m A 2 Jok - 71 o, 753
Left ¢ | @ A S0 3 & 52 407
Left ¢ b B Goan 2 o ¥ | P37
Left ¢ 0 ¢ Soom/) 2 106 £, el
Non Tap Winding | & 4. B st z 19t 7 VB
Non Tap Winding | & A& szonf] 2 AN -5y
Non Tap Winding [ & ol 2 jpi T T 70
Tertiary Winding (& . & B pod | Stoma 2 1w - 3.7
Tertiary Winding | AC 878|  Lmpp | 2evm OT2 55
Tertiary Winding _|#A C .@;c;‘r.i Lub ah 2o 207 2 <3
Note: Observe Indicator Light & Record OHMS or MILLI-OHMS
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7.2. SSD T4 — (CGE 288838)

Electrical testing was performed in 2012 including winding resistance, insulation resistance and
polarization index test. The test results are shown in Error! Reference source not found. below.

o The winding resistance test for HV & LV & TV windings is consistent between phases.
e The ratio test was not performed.
e The core Megger test was performed and result looks normal.

e The insulation resistance test was performed and results look normal in G-ohms however the
polarization index is lower than the ABB suggested value of 2.0.

Table 21-1 — Insulation Resistance and Polarization Index Test Results

CORE GROUND: { 500 Volt test )

Externally Connected ves
RESISTOR: ( Ohms ) Imip A mi | CORE GROUND: (Mega Ohms) 74/ omo. o 12
S

FTAnte NFrer m\m Z/ yho | 1 pi

7.5 o S00 . [ /.39 /,r
P‘a{( §fn SRk B gn) 137 o/

Sheet 2 of 3

Table 21-2 — Winding Resistance Test Results

TAP POSITION WINDING | CURRENT | RESISTANCE | % CURRENT | RESISTANCE | RESISTANCE
TESTED RANGE RANGE DELTAx 1.5

Found 4 A S0 y) D2 S5 ZY% e O023

Found # 2 —i Z g0k L e 053 o |/ LAE

Found # A A 5 pg 2 == S5 3 %, |/ 227

Max. Raise /7 A=A Rt 2 /02. % % /. 0;,5‘

Max. Raise /7 /é?-‘ % | Zooma 2 OG- BH /059

Max. Raise /7 |/fa=~ /o 50oma Len N AWAYY

Max. Lower ﬁ/ A - e Bopma | D D5y | [ 053

Max. Lower @#i | L/.— 4/, Z0¢ gt 2 2 vi.p Y| T 077

Max. Lower /| A~ A/, B00 s pr J <2 i VA 74

Left £~ P & S At D <2 Pl //f’ﬁ, S p RPF

Left & o A A Gt e | A o b | S 2/

Left &/ S = o B0 oA | o ,49; 4{/ S ol

Non Tap Winding [x,— X Zep i | T e . 593

Non Tap Winding [Xg —X 2 P -y L3 . 500 A

Non Tap Winding [xo - )(’3 B0 1A RepveN SEE D e r?@ -

Tertiary Winding Y 54 240 cgo % 5,4 i

Tertiary Winding }" % Z /4 200 m 5.9 % . | 5. £ pon

Tertiarv Winding Y Y s A Sr06) in 00,07 5 b m—r
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7.3. STB T1 — (CGE 288894)

Electrical testing was performed in 2011 including winding resistance, insulation resistance and
polarization index test. The test results are shown in Error! Reference source not found. below.

¢ The winding resistance test for HV & LV windings is consistent between phases.

e The deviation of the TV winding resistance between phases is 20%. It is recommended to
repeat the TV windings resistance test and compare to the sister units.

e The ratio test was not performed.
e The core Megger test was performed and result looks normal.

e The insulation resistance test was performed and results look normal in G-ohms however the
polarization index is lower than the ABB suggested value of 2.0 for HV to ground.

The tap changer inspection was performed on September 23", 2011 by GE, the following are found:
Both two defects were corrected.

¢ One end of a resistor was misplaced and came into contact with another resistor.

e Aloss bolt was found on resistor.

Other findings:
e One bearing in one of second stage fan motors was found to be broken.

Table 22-1 — Insulation Resistance and Polarization Index Test Results
DIELECTRIC ABSORBTION (5 KV ): 10 MIN. = 1 MIN. = INDEX

HL~-TG 1 Min. 4,03 Mega@ | 10 Min. 5. 9 5 T Index. [ t-l:_!. %
5 " N & IMin. 3 {8  Memn |10Min. {3 9 Index. A 34 % |
HLT- G I Min. Q.04 MegaQ | 10 Min, &, & . Index. 2-22 %

CORE GROUND: (500 Volt test)

ExlcrnullinunncclcTi'\_'c;L.\n -
| RESISTOR: (Ohms ) | fie CORE GROUND: ( Mega Ohms) > G494
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Table 22-2 — Winding Resistance Test Results
TAP POSITION WINDING | CURRENT | RESISTANCE | % CURRENT | RESISTANCE | RESISTANCE
TESTED RANGE RANGE DELTAx 1.5
Found § H, - +o KBoo Ml d sL (25, | LD3S
Found [ Hy- Ho | 500 hi An led % o306
Found | Hz - Ho 500 mda_ Qs 0g. 0 L.o3]
Max.Raise § | |4, - 1o 500 ma Q [25.3 0-94%
Max. Raise ¢ 4= 14D 500 me A . jog.3 0.4952
Max.Raise 9 |43 - 40 | 5op ma d.n L06. 3 ©. 452
Max. Lower _| i - Ho Soc ma 3 N 105. 2 J.035
Max. Lower _| Ha - HO 500 me q N |05, | l.o34
Max. Lower _ 42 -HD | See pa 2.Nn 18, 2 888
Left |
Left |
Left )
Non Tap Winding | X - X© 500 me 2 {05.9 0.592
Non Tap Winding A3-Xeo 500 ma - 8 ip04.4 6.5 % =
NonTap Winding | xz - X0 | 549 me 2.A 105 .9 2 S %A
Tertiary Winding | y; — Y3 500 ma 3.7t 1od. (o b.0o 5 D.0075
Tertiary Winding | Ya- Y3 | Sg0 ma 1N o4 3 c.oob D.009
Tertiary Winding | y¢- Y3 | 5p0 me QN (o4 i ¢.00p 0004
7.4. STB T2 — (CGE 288839)
The maintenance test history is not available for this unit.
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8. Inspection

The unit was inspected on January 21, 2014. Entry to the unit was made from the manhole
located on the top cover between H2 and H3 bushings. Most of the other man holes and hand
holes in the unit were opened also for inspection. It was possible to see and inspect all the
active part components.

8.1. Findings and Observations

e Because of risk of broken bushing porcelain falling; H3 and L2 bushing were removed
before the inspection. L1 bushing was removed during the inspection.

e Transformer cover was ripped open at the LV side. All the bolts on the LV side and some
on the short sides were broken. See Photos 1&2&3&4

e All transformer bushings are damaged. The most damaged are the H1, L2 and TV
bushings. See Photos 5&6&7&8

e The tap changer diverter cylinders of Phases 1 and 3 were separated from their aluminum
flanges at the cover. This caused the tap changer assemblies, diverter and selector, to fall.
The assemblies were found sitting at the bottom of the tap changer’s pocket. No signs of
flashover were seen at the selector switches or tap cables. See Photos 9&10&11&12

e The fire left indications of burning on the tank wall to a level about a foot above the
windings. See Photo 13

e No signs of flash over were seen in the cleats and leads including tap leads.

¢ All windings looked good with no signs of failure within the windings. See Photos 14&15

e The L1 & L3 bushing’s porcelain inside the transformer were shattered. Also marks of
flashover were seen on core clamp just opposite to Phase 1 LV bushing. See Photos
16&17&18

e Each of the LV bushings in this transformer has two leads connected to them. One lead is
connected to the winding and the other to the tap changer. See Sketch 1

e For Phases 1 and 2 the leads connecting the LV bushings to the windings are
disconnected. It seems the two leads were mechanically pulled and cur at the crimp during
the fault when the cover opened up. The insulation of the leads looks intact with no signs
of failure. See Photos 19&20&21&22

e Spitting and melting cooper were seen on the LV windings conductor copper strands of
phase one. See Photo 23
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Photo 3 — Cover Open & Broken Bolts Photo 4 — Cover Open & Broken Bolts
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Photo 6 — LV2 Bushing

Photo 7 — LV2 Bushing Porcelain Photo 8 — HV1 Bushing Porcelain
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Photo 9 — LTC Compartment (Phases 2 & 3) Photo 10 — LTC Compartment (Phases 2 & 3)
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Photo 11 — LTC Compartment (Phase 3) Photo 12 — LTC Compartment (Phases 2 & 1)

Photo 13 — Fire Line on Tank Wall & Core Clamp Photo 14 — Windings
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Photo 15 — Windings Photo 16 — LV1 Bushing & Flashover marks

Pt Ae e S

e, St ——

Photo 17 — LV1 Bushing Photo 18 — LV3 Bushing
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-

K ) IS o
Photo 19 — LV2 Winding Lead Broken Photo 20 — LV2 Bushing Lead Broken at the Crimp

Photo 21 — LV1 Winding Lead Broken Photo 22 — LV1 Bushing Lead Broken at the Crimp
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Photo 23 — LV1 Winding Conductor Strand Copper Spitting
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9. Conclusion

Comprehensive short circuit and dielectric study of the design is performed for transformer sn 289147
built in 1978 and failed in 2013. Review of maintenance data and DGA history was completed. Also
failure investigation and inspection was performed.

The short circuit design study showed that HV and LV windings are able to withstand short circuit
forces while TV winding end rings are not strong enough to withstand the short circuit forces.

The Dielectric study showed that all windings and cable clearances are within the acceptable design
levels for the voltage stresses in this transformer.

The DGA, oil quality, transformer power factor and maintenance history of the four transformers were
reviewed.

For SSD T1 — CGE 288147

The DGA results showed that:

o The concentration of Acetylene (C2H2) has been above IEEE C57.104-2008 guide condition
level 1 (2 ppm) since 1991, The level went up and down since then but was almost stable
around the 10ppm. This could be oil leaking from LTC diverter compartment.

e The oil samples from this transformer have consistently shown high oxygen concentrations.

The oil physical results showed that: (Main tank)
e The interfacial tension values are around 28.0 dynes/cm2 which are below the 32 dynes/cm2
limit recommended by IEEE C57.106-2002 for = 230kV transformers.

The oil physical results showed that: (LTC tank)

e The measured breakdown voltage (around 22.0 kV/mm for LTC-A,B,C) is below the minimum
requirement (28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap) as outlined by IEEE
C57.106-2002.

e The oil samples taken from the LTC-A tank does show moisture content of more than 25 ppm.

The power factor measurements showed that:
e The winding power factor values (CH & CT) are below 0.5%.
e The C1 power factor and capacitance values for HV & LV bushings are all acceptable.
e The measured C2 capacitance for HV & LV bushings is higher than the nameplate values by
more than 10%.
e The hot collar tests for TV bushings and neutral bushing are below recommended limit.
The Doble exciting current test are normal.

The maintenance history showed that:
e The winding resistance test for HV winding is consistent between phases, however the
measured resistance is much lower than the other two sister units.
e The winding resistance tests for LV & TV windings are consistent between phases, and also
very close to the other two sister units.
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¢ The insulation resistance test was performed and results look normal in G-ohms, however the
polarization index is lower than the ABB suggested value of 2.0 for HV/LV to ground.

For SSD T4 — CGE 288838

The DGA results showed that:

e The concentration of Acetylene (C2H2) has been above IEEE C57.104-2008 guide condition
level 1 (2 ppm) since 1991, The level went up and down since then but was almost stable
around the 5ppm. This could be oil leaking from LTC diverter compartment.

e The oil samples from this transformer have consistently shown high oxygen concentrations.

The oil physical results showed that: (Main tank)

e The latest measured breakdown voltage (52.0kV/mm) is above the minimum requirement
(30kV/mm) as outlined by Doble Engineering for 230kV transformers.

o The interfacial tension values are around 33.6 dynes/cm2 which is slightly above the 32
dynes/cm2 limit recommended by IEEE C57.106-2002 for 230kV transformers. Lower values
may indicate oil soluble contaminants and oxidation products in oil.

e The measured Acid Numbers for the oil samples are all below the recommended limits.

The measured power factor values at 25/100°C are all below the suggested limits.

o The moisture in oil is within the acceptable limits.

The oil physical results showed that: (LTC tank)
e The measured breakdown voltage (between 22.0 kV/mm and 29.0 kV/mm for LTC-A,B,C) is
below the minimum requirement (28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap).
e |EEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The oil samples taken from the LTC tank show moisture content
of less than 25 ppm.

The power factor measurements showed that:
o The winding power factor value CH is below the allowed limit, but CT is above 0.5%.
The C1 power factor and capacitance values for HV & LV bushings are all acceptable.
e The measured C2 capacitance for HV & LV bushings is higher than the nameplate values. This
needs to be compared to initial benchmark test results.
The hot collar tests for TV bushings and neutral bushing are below recommended limit.
o The Doble exciting current test are normal.

The maintenance history showed that:

The winding resistance test for HV & LV & TV windings is consistent between phases.

The ratio test was not performed.

The core Megger test was performed and result looks normal.

The insulation resistance test was performed and results look normal in G-ohms however the
polarization index is lower than the ABB suggested value of 2.0.

For STB T1 — CGE 288894

The DGA results showed that:
e The concentration of Acetylene (C2H2) has been below IEEE C57.104-2008 guide condition
level 1 (2 ppm) since 2009. However the DGA sample for the year 1979 shows high level of
C2H2. This could be a bad oil sample.
e The oil samples from this transformer have consistently shown high oxygen concentrations.
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The oil physical results showed that: (Main tank)

The latest measured breakdown voltage (62.0kV/mm) is above the minimum requirement
(50kV/mm) as outlined in IEEE C57.106-2002 for 230kV transformers with service aged
insulating oil based on D1816-2mm method.

The interfacial tension values are around 30.4 dynes/cm2 which is below the suggested limits
(32 dynes/cm2) recommended by IEEE C57.106-2002 for 230kV transformers. Lower values
may indicate oil soluble contaminants and oxidation products in oil.

The measured Acid Numbers for the oil samples are all below the recommended limits.

The measured power factor values at 25/100°C are all below the suggested limits.

The moisture in oil is within the acceptable limits.

The oil physical results showed that: (LTC tank)

The latest measured breakdown voltage is 30, 31 and 33 kV/mm for LTC-A,B,C. the suggested
limits is 28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap as outlined by IEEE C57.106-
2002.

IEEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The latest oil samples taken from the LTC tank show moisture
content of less than 25 ppm.

The power factor measurements showed that:

The winding power factor value CH & CT are below the allowed limit.

The C1 power factor and capacitance values for HV & LV bushings are all acceptable.

The measured C2 capacitance for HV & LV bushings is higher than the nameplate values. This
needs to be compared to initial benchmark test results.

The hot collar tests for TV bushings and neutral bushing are below recommended limit

The Doble exciting current test are normal.

The maintenance history showed that:

The winding resistance test for HV & LV windings is consistent between phases.

The deviation of the TV winding resistance between phases is 20%.

The ratio test was not performed.

The core Megger test was performed and result looks normal.

The insulation resistance test was performed and results look normal in G-ohms however the
polarization index is lower than the ABB suggested value of 2.0 for HV to ground.

For STB T2 — CGE 288839

The DGA results showed that:

The transformer has consistently shown very high concentrations (>20 ppm) of Acetylene
(C2H2) since 1986, which is far above the IEEE C57.104-2008 guide condition level 1 (2 ppm).
The high concentration of C2H2 indicates that possible high energy arcing occurred
somewhere inside the transformer. The other reason could be oil leaking from LTC diverter
compartment. The Acetylene levels are about 10ppm foe few years now. This needs to be
monitored closely. Any sudden increase of Acetylene needs to be investigated.

The oil samples from this transformer have consistently shown high oxygen concentrations

The oil physical results showed that: (Main tank)
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The latest measured breakdown voltage (68.0kV/mm) is above the minimum requirement
(50kV/mm) as outlined in IEEE C57.106-2002 for 230kV transformers with service aged
insulating oil based on D1816-2mm method.

The interfacial tension values are around 28.7 dynes/cm2 which is below the suggested limits
(32 dynes/cm2) recommended by IEEE C57.106-2002 for 230kV transformers.

The measured Acid Numbers for the oil samples are all below the recommended.

The measured power factor values at 25/100°C are all below the suggested limits.

The moisture in oil is within the acceptable limit.

The oil physical results showed that: (LTC tank)

The latest measured breakdown voltage is 17, 21 and 23 kV/mm for LTC-A,B,C, which is below
the suggested minimum limits (28 kV/mm for 1 mm gap and 45 kV/mm for 2 mm gap).

IEEE C57.106-2002 Table 12 recommends that the maximum limit of water content in oil for
LTC is not to exceed 25 ppm. The latest oil samples taken from the LTC tank show moisture
content of more than 25 ppm for all three LTCs.

The power factor measurements showed that:

The winding power factor value CH & CT are below the allowed limit.

The C1 power factor and capacitance values for HV & LV bushings are all acceptable.

The measured C2 capacitance for HV bushings is higher than the nameplate values by more
than 10%. This needs to be compared to initial benchmark test results and investigated. The
measured C2 capacitance for LV bushings is higher than the nameplate values but within 10%.
The hot collar tests for TV bushings and neutral bushing are below recommended limit.

The Doble exciting current test are normal.

The failure inspection showed the following:

All transformer bushings are damaged.

The tap changer diverter cylinders of Phases 1 and 3 were separated from their
aluminum flanges at the cover.

No signs of flash over were seen in the cleats and leads including tap leads.

All windings looked good with no signs of failure within the windings. It is not possible
to see the internal windings.

The L1 & L3 bushing’s porcelain inside the transformer were shattered. Also marks of
flashover were seen on core clamp just opposite to Phase 1 LV bushing.

For Phases 1 and 2 the leads connecting the LV bushings to the windings are
disconnected. It seems the two leads were mechanically pulled and cur at the crimp
during the fault when the cover opened up. The insulation of the leads looks intact with
no signs of failure.

Spitting and melting cooper were seen on the LV windings conductor copper strands of
phase one.

We still need to review the fault current, voltage and sequence of events but it seems LV1 or LV2
bushing failed first and caused the fire.
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10. Recommendations

The following is recommended for all three transformers:
o Comprehensive DGA, oil quality tests and transformer testing is to be planned.
e Consider replacing transformer bushings.
e Add a conservator diaphragm.
¢ Consider adding oxidation inhibitor to oil.
e Monitor Acetylene (C2H2) closely especially for (STB T2).
e Consider adding online monitor.
o Measure the oil break down voltage per ASTM D1816 (1mm or 2mm) method.
o Repeat the TV windings resistance test (on unit STB T1) and compare to the sister units.
o Repeat the HV resistance test (on unit SSD T1) and compare to the sister unit.
e Perform core Megger test on unit SSD T1.

¢ Any bushings with higher C2 capacitance need to be compared to initial benchmark test
results.

e Itis recommended to re-condition of oil in LTC tank or replace with new oil.

e Perform on site drying out on unit SSD T4.
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QP nalcor

Nalcor order: 20649-000-OB

ABB job number: 557775-10

Breaker ID and Location: B1L03 at Sunnyside Terminal Station
Investigation Location: Nalcor Regional Facility — Bishop’s Falls
Breaker type: DCVF245 mc6

Serial number: B142698

Mechanism type: Air Blast

Purpose for visit: Investigate B1L03 Breaker Failed to Trip

On site dates: 2014-02-03 to 2014-02-06

Report presented to: Mr. Hughie Ireland

SOOTTMORRIS .......................... Date: February 10, 2014

Scott Morris




B1L03 Breaker Data
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Type:

DCVF 245mc6

Serial Number

B142698

Maintenance History
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Below is a summary of maintenance history relevant to the investigation extracted from the
maintenance history provided.

Work Order | Date Comp. Work Done Investigation Comments

838346 | 4/g/011 | Function tests done after questionable | ny cpocked okay.
operations during a fault.

576789 3/6/2007 Breaker would not operate. _Operated No cause found.
locally and ECC. Stayed in service

389723 6/1/2007 Re-lubrlgatlon of all interrupters and sub- | Last time breaker
assemblies overhauled prior to event

. nd .

263859 1/29/2003 Breaker ove_rhaul of all interrupters and | 2™ last time breaker

sub-assemblies overhauled prior to event

Background

On Saturday January, 4 2014 the T1 transformer at Sunnyside Terminal Station faulted. The
protections operated to clear the fault. Five breakers were sent trip signals. Three of these were 138
KV ABB DCF 170mc4 air blast breakers. The nomenclatures for these breakers are L109T4, B3T4
and B2T1. The other two breakers were 245 KV ABB DCVF 245mc6 air blast breakers. The
nomenclatures for these breakers are B1L02 and B1L03. All indications are that four of the five
breakers tripped okay except for the B1L03. With the B1L03 breaker failing to interrupt the next level
of protections operated to clear the line. A portion of the station operating diagram showing the
affected breakers is below.
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The fault on the T1 transformer resulted in a fire which damaged the transformer.

Some field testing was done on the B1L03 breaker after the event. Some odd findings were noted.
The breaker would not operate pneumatically. The breaker timing results were not normal or as
expected. There was an un-commanded operation of the breaker. These will be discussed further in
the investigation.

To ensure the reliability of the B1LO3 breaker major work was done. This included the following:

e Removing all the nine interrupters and replacing them with overhauled spares

e Replacing all three servos with three overhauled spares

e Replacing “B” and “C” pole control boxes with rebuilt spares. “A” phase was to be replaced but
issues with the overhauled pole box for the “A” phase prevented this. The original “A” phase
pole control box was field overhauled at site.
The main valves on the breaker were field overhauled at site.
The air receivers were inspected and found to be okay
The breaker was timed and function tested before being returned to service
The removed sub-assemblies and interrupters were taken to the Bishop’s Falls Regional
Facility

The weather data from Environment Canada for Gander Airport was downloaded to get the daily high
and low recorded temperatures for six days prior and the day of the event. These are in the table
below.

Date Maximum High Temperature | Minimum Low Temperature
December 29, 2013 -6.6 -15.7
December 30, 2013 -4.1 -15.6
December 31, 2013 -6.6 -16.5

January 1, 2014 -14.4 -19.2
January 2, 2014 -17.0 -22.5
January 3, 2014 -13.4 -22.2
January 4, 2014 -13.6 -18.9

Further detailed investigation on the B1L03 breaker was required to try and determine a cause for not
tripping. ABB was contacted to provide support for the investigation. The investigation would take
place at the Bishop’s Falls Regional Facility.

Chronological Summary of Investigation

Monday February 3, 2014

08:30 we had a meeting to discuss the breaker failure to trip, sequence of events, general
discussion and next steps.

We felt we had two options. Nalcor has the capability to function test the servos; pole control
boxes and interrupters on their air receiver in the shop. We could try and replicate the failure
mode by testing in the shop. The other alternative was to take apart the interrupters and sub-
assemblies to look for the problem. It was decided to take the interrupters and sub-assemblies
apart for inspection. | felt it may be very difficult to replicate the failure in the shop with so
many variables changed from the event.
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Three sets of double interrupter contacts were taken apart and inspected. A micro-ohm
reading @ 100 amps was taken on each interrupter prior to dis-assembling. The chart below
shows the micro-ohm readings. Some pictures are also inserted below.

Phase Contacts Micro-Ohm'’s
“B” 5&6 60.0
“B” 1&2 90.8
“C’ 3&4 63.6
Observations:

Interrupter contacts showing no abnormal wear

Moving interrupter contacts were moving freely.

Micro-ohm readings acceptable.

The O-rings and seals showing no abnormal wear.

It was noted that some consumable parts and lubricants were not OEM.
The main and stationary contacts were lubricated with a thin film of graphite.
Renolit HLT2 lubricant was used on dissimilar metals.

Dow Corning 55 lubricant was used on static O-rings.

1.
2.
3.
4.
5.
6.
7.
8.

Stationary Contact




Undertaking 78, Attachment 1
Page 60 of 78

Moving Contact Gasket

Tuesday February 4, 2014
¢ Since nothing wrong was found on the three interrupters we decided to inspect the three
servos from the breaker. Some pictures are below.

Observations
1. None of the three servos indicated any problems.
2. The parts were showing normal wear and nothing was binding.
3. Non OEM parts were found on the servos.
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Servo Gasket

e The pole control boxes were the next focus for the investigation. “B” and “C” phase pole
control boxes from the B1LO3 were at the Bishop’s Falls facility. As previously mentioned “A”
phase pole control box on the B1L03 breaker was field rebuilt at Sunnyside and is installed
on the breaker. “B” and “C” phase pole control boxes were dis-assembled. Prior to starting
dis-assembly the trip, close and heater resistor values were recorded.
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“B” phase pole control box was dis-assembled first. The table below shows the measured
resistance values.

Close coil — terminals 1-2 74.1 ohms
Trip coil — terminals 3-4 11.8 ohms
Heater resistor — terminals 5-6 262 ohms

Observations

1.
2.

3.

Lubrication with Dow Corning 55

The trip black piston showed signs of corrosion an indication of moisture being present
at one time.

The housing the black trip piston fit into also showed signs of moisture being present
at one time.

The linkages and latches for the mechanism were dirty. They did operate freely in the
shop environment. In my opinion | felt the latches looked worn and | did not check the
mechanism to see if it was properly adjusted. | was not aware of any field checks for
the setup of the mechanism being done.

Some minor corrosion on parts of the control assembly possibly caused from the salt
environment or sulphur from the nearby oil refinery.

Black Trip Piston




Housing for Black Trip Piston

atches

\aay B

Linkages and L
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“C” phase pole control box was dis-assembled next. The table below shows the measured
resistance values.

Close coil — terminals 1-2 75.2 ohms
Trip coil — terminals 3-4 11.86 ohms
Heater resistor — terminals 5-6 was Heater was removed for use on
not measured other pole control box
Observations

1. This pole control box was in the same condition as the “B” pole control box with one
noticeable difference. There was a wet stain spot on the control box that could not be
explained or identified. It had no noticeable smell or taste. It seemed to be some type
of solvent or chemical and | found it strange it was still wet. | am not sure if this is of
any significance. A picture is below. The right side, a bit darker grey, is wet.

Wet Pole Control Box

¢ After lunch we had a meeting to discuss the findings to date and next steps. A high level
summary of the notes are below. In parallel with this, the crew continued to dismantle the
remaining six interrupters and documented the findings.

Meeting Notes
1. The as found timing results on the original B1LO3 breaker were very interesting.
These readings were done after the event with the TR3100 Doble Timer. The
readings were not recorded and are based on memory from the crew.
Close Times “A” phase — 137 ms, “B” phase — 162 ms, “C” phase — 187 ms
These close times are too long and too much delta between phases. A test from 1980
was 116.2 ms

Trip Times “A”, “B” & “C” phases all about 50 ms
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The trips times are a bit too long compared a test from 1980 of 41.5 ms but with good
deltas.

The disagreement times were inconsistent.

“A” phase was normal and cleared at 1599 ms (probably longer since the timer cuts off at
1600 ms)

“B” phase some of the contacts went at 800 ms, 300 ms and the other contact times could
not be determined because of lead issues.

The comments for the “C” phase was “not good”

2. It was discussed if P&C could confirm the breaker trip coils did receive the trip
command and if so for what duration. The trip coils were all found with good
resistance readings. If the trip coils received a command for a long duration the coils
would burn out. This was followed up at the meeting with P&C the next day.

3. In parallel with the trip coils not receiving a trip command, the “block trip” circuit was
discussed. During the testing of the replacement breaker the block trip pressure
switch hung up once. It never acted up again. The block trip relay is energized under
normal conditions making it failsafe. If the relay was dropped out it would have
alarmed. The relay and circuit was function tested prior the breaker returning to
service. Prior to the event there were no alarms at Sunnyside.

4. Another meeting was held the next day to include P&C and maintenance staff to
discuss the findings to date.

The remaining six of double interrupter contacts were taken apart and inspected. A micro-ohm
reading @ 100 amps was taken on each interrupter prior to dis-assembling. The chart below
shows the micro-ohm readings. The condition of these contacts was found to be the same as
the first three inspected.

Phase Contacts Micro-Ohm’s
“A” 1&2 72.9
“A” 3&4 79.8
“A 5&6 82.8
“B” 3&4 70.3
“C” 1&2 69.4
“C” 5&6 79.8

Wednesday February 5, 2014

¢ A meeting with maintenance and P&C was held to review all the details. P&C provided
elementary drawings for the breaker and protections. Discussion was recorded into three
categories “Confident”, “Uncomfortable” and “Follow Up”.

Meeting Notes

Confident

Interrupters removed from B1L03 breaker are not a problem

The replacement parts of the B1L03 breaker are functioning properly

Function testing confirmed protection okay

Protection operated correctly during the event but the B1L03 breaker did not respond
Air pressure at the B1L03 breaker was normal at the time of T1 failure
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Trip circuit — coils, 52a contacts, resistor, capacitor, control switches, blocked trip relay
and “T” relay okay

No breaker / air system anomaly alarm

Drained valves to check for moisture

Dewpoint @ -34 before filling breaker

Uncomfortable

Is moisture, cold, pollution, lubrication an issue in colder weather for the mechanisms?

Air system leaks at Sunnyside.

B1LO3 operating times from sequence of events (SOE) seem to show slow operating
times. There was a very slow open on January 4, 2014 for the B1L03. This was an un-
commanded event.

Field staff indicated that the breaker would not operate pneumatically from the control
cabinet after the event

Follow-up

Overhaul / re-lube criteria moving forward

Should the block trip pressure switch be checked or replaced since it was sticky but
operated fine during function testing.

Determine if the historical B1L0O3 breaker operating times match those for the in service
timing to determine if the breaker was slow previous to the event.

Function test breaker latches in cold weather to see how they perform.

Are the breakers exercised enough?

Follow up on the maintenance history for the other breakers that tripped okay for the
event.

The forecast for that night was a low of -15 C. | decided to place four pole control boxes outside
overnight and test them in the morning. Two pole control boxes were from the “B” and “C”
phases of the B1L0O3 breaker and two were spare boxes from the shop. They had their
mechanisms latched.

Thursday February 6, 2014

The four breaker pole control boxes were tested first thing in the morning. The
temperature was -16 C. The test voltage was 90 and 125 volts. P&C’s D.C power supply
with the current limit at maximum was used. The results were as follows.

1. Both old pole control boxes operated @ 90 volts with no problems

2. “C” phase pole control box did not unlatch @ 90 or 125 volts. The coil was picking
up.

3. “B” phase pole control box did not operate the first time @ 90 volts but did unlatch
on the second attempt. The mechanism did appear slow to release.

Conclusions:

e The results from the old pole control boxes were not used. It was discovered after they
had close coils in the trip coil housing. It was good to see they operated okay.

¢ “B” phase pole control box did show indications that the mechanism could be affected
by cooler temperatures.
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e It was discovered after the test that “C” phase pole control box was not latched. This
test was not used.

e It was decided to try these tests on the two B1L03 boxes later that day again since it
was going to be cold all day.

The next test on the two pole control boxes was done later that day. The temperature was
-14 C. Both pole control boxes tripped @ 90 volts on the first attempt. The mechanisms
did not appear slow as the “B” phase the first time.

Conclusions:
e The testing showed indications that the mechanisms could be affected by colder
temperatures in the condition they were found. How much is difficult to determine. The

exact field conditions of the pole boxes during the event could not be replicated.

It should be noted that an inspection of the control cabinet of the B1L03 breaker was not
done by me for this investigation.

Summary of Findings from the Investigation

Here is the summary of the findings for what | believe happened for this event. This is based
on physical evidence from the investigation, discussion with field staff and knowledge of the circuit
breaker. There are some things that happened that | can’'t explain but have offered my opinion
and rational. Any of my assumptions are open for discussion any time.

1. | find it interesting that the maintenance records show two previous events that the breaker
had operating issues.

Work Order | Date Comp. Work Done Investigation Comments

838346 4/8/2011

Function tests done after questionable | All checked okay.
operations during a fault.

576789 3/6/2007

Breaker would not operate. Operated | No cause found.
locally and ECC. Stayed in service

The temperatures during these events were not cold as the January 4, 2014 event.

2. After dis-assembling the B1L03 breaker and knowing what work was completed at site on the
breaker | came to the following conclusions.

1.

In my opinion all nine breaker interrupters would have tripped if initiated by the main valves.
It should be noted that ABB has never used Renolit as a lubricant on the DCVF breaker
and has stopped using this lubricant on other equipment.

The main valves on the breaker were field rebuilt at Sunnyside. Indications were that there
were no issues found with the original valves. No water or ice was found. | believe that the
six main valves would have operated if initiated by the servos. | also believe that if one or
up to five of the six main valves did not operate a disagreement would have occurred on
the breaker. No disagreement occurred. If no main valves operated a disagreement would
not occur.

The condition of all three servo valves indicates they would have operated if initiated by
their respective pole control boxes. If one or two of the servos did not operate a
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disagreement would have occurred. No disagreement occurred. If none of the servos
worked a disagreement would not occur.

4. “B” and “C” phase pole control boxes were last maintained in 2007. Both had dirty latches
and linkages. They were lubricated with Dow Corning 55 not graphite and showed minor
signs of corrosion. “B” trip piston and housing showed signs of moisture and corrosion. “C”
phase pole control box had an unexplained wet stain. The cold weather trip testing
indicated colder temperatures could have some affect the operation. How much of an
effect cannot be determined. In my opinion | believe the pole control boxes in their as
found condition should have at least unlatched when called on to trip. The performance of
the pole control boxes could be improved with the proper lubrication and confirmation they
are properly adjusted. The condition of the pole boxes could possibly cause slow
operations.

If all three pole control boxes were unlatched when initiated by the trip coils the breaker
would have attempted a trip. | do not believe the moisture presence found in the “B” phase
would prevent an attempt to trip from that pole if the linkage was unlatched. If one or two of
the pole control boxes were unlatched a disagreement would have occurred. No
disagreement occurred. If none of the pole control boxes unlatched no disagreement would
have occurred.

| am of the opinion that none of the pole control boxes were unlatched when the trip
command was sent. Why this occurred | cannot be sure. | am having a difficult time
believing that all three pole control boxes would not operate when called upon. This can be
caused by an electrical and or mechanical issue.

A mechanical issue can be caused by many factors such a cold ambient temperatures,
lubrication, out of adjustment, dirty latches and linkages, mechanism exercising or moisture
in the air system. All these conditions could contribute to the linkage not unlatching or being
slow. The condition of the pole control boxes was not determined at the time of the event.
It is possible that some of the odd timing results done on the breaker after the event were
caused by slow pole control boxes. | am of the opinion that all three pole control boxes
would fail not mechanically to not unlatch at least one of the linkages. This would have
given a disagreement alarm which we did not receive. The question could be asked why
none of the other four breakers experienced any issues. It appears to be something
common with the B1L03 breaker.

The function testing of the rebuilt breaker indicates that no electrical issues existed after the
event. There is a possibility that an intermittent electrical issue could have been present
prior to the event. Since maintenance records from the two previous events indicate that
nothing was found this is remote possibility and a very difficult thing to find.

2. These are the other issues that were discovered during the investigation | would like to
discuss.
1. Field staff indicated that the breaker could not be operated pneumatically from the control
cabinet. | can provide some reasons why this may have happened.
The pneumatic trip and close on the breakers require really firm operation to get the
breaker to operate. If this was not done the breaker may not operate.
The other possibility is that the pneumatic control was defective. | have never seen one of
these defective before. | believe the condition of the pole control boxes should have
allowed the breaker to be operated pneumatically.
2. Historical trip operating times from the SOE for the B1L0O3 appeared to indicate slow
operating times. This required further analysis which was not completed when | left site. If
there was no noticeable difference in operating times then this is not significant. If this
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does show longer operating times it is an indication the mechanism slowing the breaker
down.

3. In conjunction with the slow operating times there was an un-commanded event on January
4™ after the event when staff was on site. The timing shows it looks like it went into
disagreement on a trip. | can’t explain this. It appears the disagreement feature on the
breaker was working shortly after the event.

4. The design of the “block trip” circuit is failsafe. If the block trip relay had open circuited or
not energized by the breaker pressure switch, an alarm should have been received. There
were no alarms at Sunnyside prior to event.

Conclusion

| believe that the three pole control boxes on the B1L03 breakers did not unlatch when the trip
command was sent during the event. | believe that the cold temperatures that the breaker was
experiencing for days up to the event and the condition of the pole control boxes are factors
affecting the breaker operation. The pole control boxes should have operated under these
conditions but may be slow.

With all the symptoms | am seeing here | would speculate that there is an intermittent voltage
issue in the common part of the trip circuit probably in the form a high resistance connection.
This may explain some of the things we have seen. It could explain the two previous issues in
the maintenance history. It could explain the odd timing results we saw after the event. It may
also explain why the pole control boxes did not unlatch during the event. The trip coils are
11.8 ohms each all in parallel. During the event we would have had fifteen of these coils being
energized. This would put a large temporary load on the station battery. If there was a high
resistance connection in the trip circuit to the B1L0O3 breaker there would be less current
available for the trip coils with the reduced voltage. The problem is probably intermittent and |
also believe temperature related. This would explain why things worked okay after with no
problems.

Recommendations

| cannot say | have found the root cause for this event. | am very suspicious of the possible
voltage issue with the trip circuit on the B1L0O3 breaker. | would recommend some follow up
testing on the B1L03 breaker to see if this possible problem can be found or replicated again. It
would be easier to find when it is colder. | believe it is a terminal connection from the relay to
the breaker or it could the D.C. knife switch for the trip close circuits in the breaker control
cabinet. | have found the hinge point of similar eight pole switches with high resistance. This
was very difficult to find.

In my opinion there could be some improvements made in the lubrication used on certain
subassemblies and adjustment checks verified on the pole control boxes.
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QP nalcor

Nalcor order: 20582-00 OB

ABB job number: 555605-10

Breaker ID: B1L17

Site Location: Holyrood Terminal Station
Breaker type: DLF245 nc2

Serial number: 170-73-3/1973
Mechanism type: Air Blast

Purpose for visit: Investigate “A” Phase Flashover to Ground

On site dates: 2014-01-16 to 2014-01-21

Report presented to: Mr. Hughie Ireland

SOOTT MORR/S ............................ Date: January 25, 2014

Scott Morris




B1L17 Breaker Data
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Type: DLF245 nc2
Serial Number 170-73-3/1973
Continuous Current 2000 amps
Maximum Voltage 245 KV
Maximum Voltage Full Wave 1050 KV

Short Circuit Current 12.8 KA symm.
Interrupting Time 2 cycles
Frequency 60 Hz
Operating Pressure: Normal 426 psi
Lockout Pressure: Close 382 psi
Lockout Pressure: Open 370 psi
Lockout Pressure: Reclosing 400 psi
Control Voltage 125 vDC
Customer Purchase Order 15463

As Found Breaker Counter 1885 operations

Background

On January 5, 2014 an “A” phase to ground fault occurred at the Holyrood Terminal Station. The
event occurred when the air break switch was being closed on the B1L17 breaker. The sequence of
events information indicated the problem to be in the B1L17 breaker zone at Holyrood. It was
suspected the “A” phase of the B1L17 breaker was closed when air breaker switch was closed or the
breaker flashed. The B1L17 breaker did have open indication when the air breaker switch was
closed.

Site inspections by field staff could not find any signs of a flash on the breaker and other equipment in
the B1L17 breaker zone.

A few days after the event field staff were going establish a work permit on the breaker in the test
condition. The intention was to determine if the “A” phase of the breaker was closed. Shortly after
starting adding air the breaker the “A” phase interrupter developed a massive air leak. The leak was
so loud it startled the worker and they rightfully, briefly exited the area. The worker made an
assessment of the situation and returned to the breaker to close of the air supply to the breaker.
Eventually all the air drained off the breaker and the all the poles went closed. It was never
determined at this time if the “A” phase was actually closed.

Further detailed investigation on the B1L17 breaker was required. ABB was contacted to provide
support for the investigation.
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Chronological Summary of Investigation

Thursday January 16, 2014

09:30 site meeting to discuss breaker failure, sequence of events, general discussion and next
steps

The cover was removed on the “A” phase interrupter to inspect the top of the breaker control
rod. The control rod was not under tension as | should be. The control rod adjustment locking
tab was in place and one side was bent over the flat on the bolt. The other side of the locking
tab was not bent over the hex flat of the control rod. The preferred method is to have both
ends of the locking tab secured. Observed that the top nut of the control rod was corroded as
shown in the picture below. It is not normal to see corrosion on an air blast breaker using dry
air. At this point it was assumed the control rod was broken.

The inspection cover on the top of the “A” phase air receiver was removed to inspect the
breaker control rod drive. The control rod drive bolts were corroded. A picture is below. The
control rod drive was not in the position to be expected considering the breaker was suspected
of being closed and drained of air. The control rod drive was binding and not able to be moved
freely. The bottom of the control rod could not be seen because of the air screen. Not much
more could be learned in the tight working space. The control rod and control rod drive
needed to be removed for closer inspection.
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Friday January 17, 2014

To remove the control rod the breaker drops were disconnected and the breaker gradient
capacitors removed. The interrupters were rigged for lifting and removed. The control rod
was disconnected from the control valve and the interrupters removed. After the interrupters
were removed we learned that the control rod was not broken.

The control rod drive was disconnected from the control rod. The control rod and control rod
were removed from the breaker.

Inspection of the control rod confirmed it was not broken. The control rod had signs of
tracking near the top of the rod. It was observed that the surface of the control rod had an
excessive amount of surface moisture on it considering that the control rod was just removed
from a sealed breaker. There were some mechanical marks on the rod probably caused by
touching parts of the insulator columns during removal and installation.

The control rod drive was found seized to the point that it could not be moved at all. See
picture below. When the control rod drive was inverted free water came out. The corrosion
of the control rod drive was excessive. The screen was in bad shape. This corrosion would
not be visible looking in from the bottom inspection cover of the air receiver when the control
rod drive was installed.

There is no indication at this time of a power arc occurring in the “A” phase.

Suspicious of excessive moisture being present in the air receiver the lower air receiver
inspection cover on the “A” phase air receiver was removed. An excessive amount of water
was found in the bottom of the air receiver. A picture is below.
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e There was discussion on how the water could have entered the breaker. Four breakers in the
yard including the B1L17 had silicone put on the columns and interrupters. Two breakers
were done consecutively one a time and the other two consecutively one a time too. There
was a notable time difference between when the two sets of breakers were done. When this
work was performed the breaker control rods were disconnected from the interrupters and left
connected at the control rod drive. The control rods were supported on the unused overhead
bus, covered up and sealed. It was suspected that water may have entered the B1L17
breaker at this time.

e The other two phases of the B1L17 breaker air receivers were inspected by removing the
lower air receiver inspection cover. The “B” phase showed a very small amount of free water.
The “C” phase had a moderate amount of water in it. A picture of the “C” phase air receiver
is below.

e The next step was discussed. It was decided to check the three air receivers for moisture and
one control rod drive for corrosion of another DLF breaker in the yard. The breaker selected
was purposely not one of the three breakers that recently had silicone applied. We were trying
to determine if the problem could be in all of the breakers.

e The B2L42 breaker was inspected by removing the bottom drain plug on the air receivers.
The plugs could be easily resealed. There were no signs of moisture in the air receivers of the
B2L42 breaker. The “B” phase control rod drive was inspected for signs of corrosion and
showed no signs of corrosion.

e The drain plugs were removed from the B1L17 breakers allowing any water to drain out since
colder temperatures were in the forecast.

e There was discussion at the end of the day what was learned so far the next steps.

Saturday January 18, 2014

e The “B” and “C” phases of the B1L17 were disassembled for inspection.

e The control rods of the “B” and “C” phases were found to be in the same condition. There
were some marks on the rods that appear to be from scraping or wear. The nuts on the top of
the control rod showed signs of corrosion. “C” phase showed the more corrosion compared to
“B” phase which is supported by the amount of water in the poles. Pictures of each are below.

A 9
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e The control rod drive on the “B” phase was tighter than normal to operate by hand. It was
operable and not seized like the “A” phase.

¢ The control rod drive on the “C” phase was quite a bit tighter to operate than the “B” phase but
again not seized like the “A” phase.

e In parallel with the B1L17 inspection two more DLF breakers were inspected for moisture in
the air receivers. The breakers inspected were the B3B13 and B3L18. The two breakers had
silicone installed on them about the same time. Both breakers showed no signs of free water
in the air receivers. The control rod drive of the “B” phase on both breakers were inspected
and showed no signs of corrosion.

e The control rod drive from the “A” phase was taken apart for inspection. The valve was very
badly corroded and completely seized. It was very difficult to get apart. A couple is below.

e The “B” and “C” phase control rod drives were also taken apart. Both valves came apart easily
and were not seized. The “B” phase valve had some corrosion on the inside but not as bad as the
“C” phase. The “C” phase was corroded worse than the “B” phase but not as bad as the “A”
phase. The flange bolts on the “C” phase were starting to corrode. This supports the as found
condition of the valves being worse when exposed to more water.

Saturday January 18, 2014
e The B2B12 breaker air receivers and the “C” phase control rod drive inspected. There were no
signs of moisture in the air receivers and the “C” phase control rod drive showed no signs of
corrosion.
e A closer inspection of the “A” phase interrupters and control valve was done.
e The control valve of “A” phase interrupter had signs of water and moisture was present.
The percussion gasket showed normal signs of wear and was in good condition. The valve was
overhauled about one year ago. In my opinion the control valve would operate properly if properly
initiated to do so. A picture is below.
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e The blast valve from the “A” phase interrupter was not inspected.

e The two moving interrupter contacts from the “A” phase were removed for inspection.

e Both the main and stationary contacts for both interrupters showed what would be considered
to be normal wear. The breaker has 1885 operations. A picture of a moving contact is below.

The tube on each of the moving contacts each showed some signs of heating. | do not believe
these were from the recent event. These were not fresh and could not be removed. A picture of a
moving contact showing the heating is below.

The stationary contacts looked fine. The inside barrels of the porcelains were cleans and had
surface moisture on them.

e | did not see any indications of fault current flowing across an open set of contacts.

e P&C Doble tested the B1L17 oil filled current transformers.
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e The pole control boxes were inspected. Externally they looked fine. It should be noted that all
the linkages in all three pole control boxes were tripped. This is an indication that the air was
drained off the breaker while the breaker was open. The inside components of the pole control
boxes were not inspected. Considering the age of the breaker they could be overhauled.

Summary of Findings from the Investigation

Here is the summary of the findings for what | believe happened for this event. This is based
on the physical evidence from the investigation, discussion with field staff and knowledge of the
circuit breaker. There are some parts of the event that | have made some assumptions and | have
acknowledged these. Any of my assumptions are open for discussion any time.

1. | believe the “A” phase of the breaker was closed prior to the event happening on January 5,
2014. This begs many questions such as how this can happen and go undetected.

1. The failure mode of the control rod drive being seized at the time would not allow the “A”
pole to operate. The pole control box was operating fine and would have sent a signal to
the control drive but the control rod drive would not change state. Since the control box
sent its signal to the “A” phase and the other two phases opened, the phase discrepancy
feature (disagreement) would be satisfied and no alarm would be received. This failure
mode is not sensed by the phase discrepancy.

2. The other reason | believe the “A” pole did not open is the control rod drive was seized so
bad that it would have never been able to complete its operation and the control valve
would have developed a major air leak which would have not gone undetected. The “A”
phase does develop a major lead post event which will be discussed later.

3. To support the “A” phase of the B1L17 being closed after it was tripped last | have to
assume that the other breakers in the zone had tripped okay. If any of the other breakers
were closed the generator would have seen reverse power protections operate from the
closed “A” phase on the B1L17. After the zone trip the air break switch to the generator
would have been opened. The closed “A” phase on the B1L17 would go undetected until
the breaker was energized again by the air break switch. | have not obtained the
information if the last trip for the B1L17 was a zone trip.

4. | believe another factor contributing to the control rod drive not operating was it was frozen
in addition to being corroded. The weather historical date from Environment Canada for the
St John’s airport shows very cold daytime temperatures for the first five days of January.

2. On January 5, 2014 there was an “A” phase to ground fault in the B1L17 breaker zone.

1. There was no evidence found to locate an “A” phase to ground fault internal to breaker,
external to the breaker or in the zone.

2. Free water was discovered in all three air receivers with the most being in the “A” phase.

3. The as found condition of the control rod drive on the “A” phase did not make sense to me.
If the control rod was in that position a massive air leak would have occurred at the control
valve on the interrupter. What happened approximately two days after the event | believe
explains the position of the control rod drive.
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3. Approximately two days after the event when a trades administered work permit in test was
being established a massive air leak developed on the “A” phase interrupter when the air
pressure was being increased.

1. | believe that the increase in air pressure caused the control rod to move on the ‘A” phase
because the control rod drive had thawed enough for it to move. The weather data as
mentioned above shows a high temperature of 9.6 degrees for January 7, 2014.

2. This would explain why the control rod drive on the “A” phase was found in the position it
was in.

3. The massive air leak caused explains why all the pole control box mechanisms were found
tripped. This situation occurs when the air is lost on the breaker with the breaker open. As
previously mentioned the pole control box on the “A” phase would still think the breaker
was open.

Conclusion

Although no “A” phase to ground path could be found it was quite clear the moisture in “A”
phase air receiver was a factor causing the rod control drive to not function properly.
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