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Forensic Engineering Analysis of an
Electrical Substation Fire in a
Manufacturing Plant in Brazil

By Mauricio Cueva-Eguiguren, PE (NAFE 776S)

Abstract

A cable splice failure in one of the cables associated with one of the 6 MVAR capacitor banks in an elec-
trical substation at a manufacturing plant in South America caused a fire in the 88/4.16kV electrical substa-
tion. The fire caused the plant to stop production for approximately 29 days while temporary repairs were
made. Operating two shifts per day/seven days a week, and stopping for maintenance once a year, the manu-
facturing production generates approximately $750,000 in revenue per day. The cable splice failure caused
an electrical short circuit in the substation 4.16kV distribution system for approximately 120 seconds. The
cable splice failure ignited the adjacent cables in the cable tray, causing damage to various sections of the
4.16kV cables, three 88kV disconnect switches, and four 88kV — 4.16kV transformers. The cable fire in the
electrical substation resulted in property damages and business interruption losses with an estimated value
of 820 million. The four 88kV — 4.16kV transformers that were in service at the time of the substation fire
were exposed to voltage transients and electromagnetic forces produced by the short-circuit currents for ap-

proximately 120 seconds.
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Definitions

Ferroresonance or nonlinear resonance is a type of
resonance in electric circuits that occurs when a circuit
containing a nonlinear inductance is fed from a source
that has series capacitance, and the circuit is subjected to
a disturbance such as opening of a switch. Ferroresonance
can cause overvoltage and overcurrent conditions in an
electrical power system, and can pose a risk to transmis-
sion and distribution equipment as well as operational
personnel.

Introduction

A manufacturing plant in South America that began
operations in the mid-20th century went through several
expansion cycles to meet increased product demands. The
plant expansions required increases in the supply of elec-
trical power from the local utility and its own 88kV to
4.16kV electrical substation located within the plant.

The electrical power for the plant is provided by the

local utility via two 88kV overhead transmission lines.
Only one of the 88kV lines is required to meet the power
demand from the plant, and the second is used as a sec-
ondary power source in case of an outage (Figure 1).

The electrical substation is located on the southeast
corner of the property. Initially, the substation consisted
of two 88kV —4.16kV, 7,500k VA stepdown transformers
labeled Transformer Nos. 1 and 2. As the plant expanded
in subsequent decades, two additional 88kV — 4.16kV,
15,000k VA step-down transformers were added (Trans-
former Nos. 3 and 4). These transformers were located
adjacent to the existing Transformer Nos. 1 and 2 (see
Figure 2 and 3).

To improve the power quality of the electrical system
in the plant, two 6.0 MVAR, 4.16kV capacitor banks with
filters were installed in the 1990s. The 6.0 MVAR, 4.16kV
capacitor banks are connected to two 4.16kV switchgear
— one connected to Transformer No. 3 and the other to
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Transformer No. 4.
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One-line diagram of substation.

early 2000s (Transformer No. 5). The

this transformer required both 4.16kV, 6 MVAR ca-

pacitor banks to be relocated to make room for this new

the plant continued to grow, a new 88kV —4.16kV,

Figure 3

ion (south view).

Figure 2
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Partial view of substation (north view).

installation of
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Figure 4
Relocated capacitor Bank #3 and #4.

Transformer No. 5 (Figure 4). The power cables in the
trays were spliced with additional cables to reach the re-
located capacitor banks (Figure 5).

When the 4.16kV, 6 MVAR capacitor banks were re-
located to make room for the new Transformer No. 5, the
circuit breakers associated with the capacitor banks were
also relocated close to the capacitor banks, approximately
100 meters away from their original location.

The power cables for the capacitor banks were spliced
in the cable tray, which was located on the outside wall
along the property line. This cable tray also contained
125 VDC control cables used for the protection and con-
trol of the 6.0 MVAR, 4.16kV capacitor banks.

The electrical power for the 4.16kV, 6 MVAR capaci-
tor banks was derived directly from the 4.16kV busbars
in the substation. In light of this, the spliced power cables
(from the 4.16kV substation busbars to the relocated cir-
cuit breakers and capacitor banks) were not protected by
the 4.16kV distribution system in the substation, since the
spliced power cables became an extension of the substa-
tion 4.16kV busbars.

In 2014, a cable splice failure occurred in one of the
power cables associated with the capacitor bank connected

Figure 5
Cable tray for capacitor bank cables.

to Switchgear No. 4. The cable splice failure was detected
by the protection system of the circuit breaker in Switch-
gear No. 4, which tripped the capacitor bank and prevented
damages to other equipment in the substation. When the
failed cable splice was repaired, the capacitor bank was re-
stored to service.

In the spring of 2015, a second cable splice failure
occurred in one of the power cables associated with one
of the capacitor banks. The cable splice failure caused a
short circuit and a fire in the cable tray where the power
and 125 VDC cables for the capacitor banks were located
(Figure 6 through 9).

The fire in the cable tray caused the catastrophic fail-
ure of the entire 125 VDC control system in the substa-
tion. This prevented the 88kV and 4.16kV circuit break-
ers in the substation from providing the protection and
control for all the equipment in the substation. The only
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Figure 6
Capacitor bank cable splices.

protection left for the substation was provided by the local
utility company on the 88kV overhead transmission lines.

As a result of the short circuit in the power cables
associated with both capacitor banks and the failure of
the protection system cables, the 88kV incoming power
from the utility continued to provide electrical power to
the substation and sustained the short circuit in the cables
associated with the capacitor banks. The short circuit in
the cables for both capacitor banks remained for approxi-
mately 120 seconds, as depicted on the voltage graph
recorded by the voltage recorder (Figure 10). In addition,
the voltage graph in the voltage recorder shows that while
the short circuit was occurring, the voltage in the incom-
ing 88kV system went into overvoltages as much as 11kV
(27%). In addition, the voltage in the secondary side of
the 88 - 4.16kV transformers went into oscillations rang-
ing in voltage from 0.5kV to 4.16kV.

Figure 7
Cable tray with cable splice failure.

Figure 8
Cable splice failure.

Since the voltage recorder in the substation does
not have the resolution to detect the amplitudes and fre-
quencies of the voltage oscillations in the 88kV incom-
ing power from the utility, the author was not able to

Figure 9
Cable tray with cable splice failure.
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Figure 10
Recorder graphs — 88kV utility overhead line and customer Transformers 2 through 5.

determine if ferroresonance occurred during the 120 sec-
onds of sustained short circuits in the substations. This
substation did not have a sequence-of-event recorder that
would have captured the electrical transient events and
provided detailed information of the voltage amplitudes
and frequencies of the electrical transient.

Given the fact that overvoltages of as much as 27%
occurred in the 88kV incoming power from the utility,
it is very likely that the cause of these overvoltages was
the result of a ferroresonance!*** condition produced by
the electrical transients in the substation after the splice
failure.

Ferroresonance is a type of resonance in electric cir-
cuits that occurs when a circuit containing a nonlinear in-
ductance is fed from a source that has series capacitance,
and the circuit is subjected to a transient such as opening of
a switch, short circuit, etc. Ferroresonance can cause over-
voltage and overcurrent conditions in an electrical power
system, and can pose a risk to transmission and distribution
equipment as well as to operational personnel.

The 88kV — 4.16kV substation configuration at the
time of the fire had four 88kV — 4.16 kV stepdown trans-
formers, two 4.16kV filters, and the transmission lines
that provided the inductance required for ferroresonance
to occur. In addition, the two 4.16kV, 6 MVAR capacitor
banks and the transmission lines provided the capacitance
required for ferroresonance to occur. Therefore, it is very
likely that the oscillations and overvoltages in the 88kV
incoming line were the result of a ferroresonance condi-
tion in the substation that occurred when the short circuit
and fire occurred in the substation.

Since four of the 88kV — 4.16kV transformers and
their associated switchgear were energized during the
fire, they were exposed to high short-circuit currents and
electrical voltage transients. In addition to the short cir-
cuits that occurred in the cable tray where the power and
control cables for the 4.16kV capacitor banks are located,
other short circuits occurred in the 4.16kV switchgear
Nos. 3 and 4, resulting in fires around them and damaging
these 4.16kV switchgear and cables around them (Figure
11 through 16).



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

PAGE 46 JUNE 2018 NAFE 776S

Methodology

Due to the need to restore the electrical power for
the plant to continue operating, temporary repairs were
performed to the 88kV and 4.16kV substations in order
for the plant to return to service within approximately 29
days. The temporary repairs included installing new ca-
bles, cable trays, replacing one of the 4.16kV switchgear,
and repairing the other damaged 4.16kV switchgear.

Prior to returning the five 88kV — 4.16kV transform-
ers to service after the fire, oil samples were taken from
the transformers to analyze the effect that the short circuits
and fire had on them. The oil samples showed elevated
levels of carbon dioxide to carbon monoxide ratios. These
values were compared to industry-recognized levels for
similar transformer size and ratios. The levels of carbon
dioxide to carbon monoxide levels are used to determine
the health of the insulation in the transformer wind-
ings. Ratios that are higher than the industry-recognized
levels reveal weakening of the insulation in the trans-
former windings, as was the case with Transformers 2,
3, 4, and 5. Transformer 1 at the time of the fire was not

Figure 12
4.16kV switchgear fire damage.

Figure 11 Figure 13
Cable tray fire damage. 4.16kV switchgear damage.
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Figure 14
4.16kV switchgear fire damage.

Figure 16
88kV - 4.16kV transformer damage.
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in service. See Figure 2 for the transformer oil sample
results. The oil in Transformers 2, 3, 4, and 5 tanks was
replaced prior to returning these transformers to service.

The forensic investigation of the damages in the elec-
trical substation was performed after the temporary re-
pairs were completed. Several site visits were conducted
by the author starting in February 2016 in order to review
the technical documents related to the substation and to
investigate the damage to the various pieces of equip-
ment. The results of these investigations are now detailed.

Cable Splice Failure

The cable splice failure and fire occurred at night
when daytime weather featured scattered clouds with
temperatures reaching 90°F. The temperature at that time
was reported as approximately 72°F with a relative hu-
midity of 89% and a barometric pressure of 29.93 inches.
Since the cable splice was consumed by the fire, a detailed
: failure analysis of the components could not be per-

Figure 15 formed.

4.16kV circuit breaker damage.
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OIL ANALYSIS OF TRANSFORMERS AFTER FIRE
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Figure 17

Transformers 1, 2, 3, 4, and 5 oil analysis after fire.

Transformer No. 2

The voltage graph of the secondary winding of Trans-
former No. 2 recorded by the voltage recorder during the
fire shows that Transformer No. 2 went into oscillations
for approximately 60 seconds. The voltage oscillations
ranged between 0kV and 4.16kV (Figure 10).

In addition, the voltage graph of the primary wind-
ing of Transformer No. 2 (88kV) recorded by the voltage
recorder during the fire shows that the primary winding
voltage went into oscillations for approximately 60 sec-
onds, ranging from 0kV to 112kV for approximately 60
seconds or as much of as 27% of its rating (Figure 10).

The oil analysis performed by a laboratory on oil
samples taken from Transformer No. 2 the day after the
accident shows a ratio of CO,/CO of 53.495 (4226/79).
IEEE Standard C57.106-2006° indicates that a CO,/CO
ratio greater than 15 is an indication of insulation degra-
dation in a transformer winding (Figure 17).

Transformer No. 3

The voltage graph of the secondary winding of
Transformer No. 3 recorded by the recorder during the
fire shows that Transformer No. 3 went into oscillations
for approximately 120 seconds. The voltage oscillations
ranged between 0.5kV to 4.16kV (Figure 10).

In addition, the voltage graph of the primary wind-
ing of Transformer No. 3 (88kV) recorded by the voltage
recorder during the fire shows that the primary winding
voltage went into oscillations ranging from 0kV to 112kV
for approximately 60 seconds or as much of as 27% of its
rating (Figure 10).

In addition, the oil analysis performed on oil samples
from Transformer No. 3 the day after the accident show

an acetylene® content of 0.3 ppm. The results of the oil
analysis performed on this Transformer No. 3 six months
prior to the fire revealed that the acetylene level was
0.0 ppm. Acetylene content in large concentrations great-
er than 0.5 ppm is the result of a thermal process such
as local overheating, and in small concentrations due to
partial discharge, which decomposes the mineral oil. Al-
though the acetylene level obtained after the cable splice
failure did not exceed 0.5 ppm, the fact that it increased
from 0.0 ppm to 0.3 ppm after the cable splice failure is
an indication that this Transformer No. 3 experienced lo-
calized overheating and partial electrical discharges in its
windings caused by the short circuits in the cables associ-
ated with Capacitor Bank #3 (Figure 17).

Transformer No. 3 also experienced short circuit cur-
rents of as much as 31,600A for as long as 120 seconds.
These high short circuit currents caused high electro-
magnetic forces in the primary and secondary windings
overstressing the mechanical supports of the transformer
windings and core.

Transformer No. 4

The voltage graph of the secondary winding of Trans-
former No. 4 recorded by the voltage recorder during the
fire shows that Transformer No. 4 went into oscillations
for approximately 100 seconds. The voltage oscillations
ranged between 0.5kV to 4.16kV (Figure 10).

In addition, the voltage graph of the primary wind-
ing of Transformer No. 4 (88kV) recorded by the voltage
recorder during the fire shows that the primary winding
voltage went into oscillations ranging from 0V to 112kV
for approximately 60 seconds, with overvoltages of as
much of as 27% of its rating (Figure 10).

The oil analysis performed by a laboratory on oil
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samples taken from Transformer No. 4 after the incident
shows a ratio of CO,/CO of 22.15 (2149/97). Again, in-
dustry standards indicate that a ratio greater than 15 is an
indication of the transformer winding insulation degrada-
tion (Figure 17).

Transformer No. 4 also experienced short circuit cur-
rents of as much as 28,500A for as long as 120 seconds.
These high short circuit currents caused high electro-
magnetic forces in the primary and secondary windings,
overstressing the mechanical supports of the transformer
windings and core.

Transformer No. 5

The voltage graph of the voltage recorder shows
that while the short circuit was occurring in the cables
of Capacitor Banks #3 and #4, the voltage in the second-
ary winding of Transformer No. 5 went into oscillations
ranging from 3.95kV to about 0kV for approximately 60
seconds (Figure 10).

In addition, the voltage graph of the primary wind-
ing of Transformer No. 5 (88kV) recorded by the voltage
recorder during the fire shows that the primary winding
voltage went into oscillations ranging from 0kV to 112kV
for approximately 60 seconds with overvoltages of as
much of as 27% of its rating (Figure 10).

88 kV Utility Overhead Line #1

The voltage graph of the 88kV line 1 recorded by the
voltage recorder during the fire shows that the 88kV line 1
went into oscillations 60 seconds after the short circuit oc-
curred in the cable splices, and such oscillations remained
for approximately 60 seconds. The voltage oscillations
first went up from 88kV to approximately 112kV, then
leveled off at 112kV for about 20 seconds, and then went
down to OkV in the next 20 seconds. The voltage oscil-
lations coincided with the start of voltage oscillations in
Transformer Nos. 2 and 5, which is an indication that the
voltage disturbances in the utility 88kV system directly
affected Transformer Nos. 2 and 5 (Figure 10).

The voltage signal for the voltage recorder is connect-
ed to the 88kV potential transformers in an open “Delta”
configuration as shown on the one-line diagram (Fig-
ure 1). The voltage signal for the secondary windings of
Transformer Nos. 2, 3, 4 and 5 is connected to the 4.16 kV
potential transformers in an open “Delta” configuration.

The waveforms recorded by the voltage recorder
show the voltages for the 88kV and 4.16kV transformer

windings in Transformer Nos. 2, 3, 4, and 5 before, dur-
ing, and after the short circuit occurred. The waveforms
are depicted in Figure 10, and show a sampling rate of 20
seconds with a scan interval of 1 second (default setting).
The voltage recorder records the maximum and minimum
voltage values for every scan interval. That is, the volt-
age oscillations shown on the graphs for the 88kV and
the secondary windings of Transformer Nos. 2, 3, 4, and
5 clearly show that oscillations took place following the
short circuit in the cable splice. Prior to the short circuit
in the cable splices for Capacitor Banks #3 and #4, the
waveforms show straight lines, which is representative of
the maximum and minimum voltages for the 88kV and
4.16kV systems. Since this recorder does not record the
information that an oscillograph would, the author cannot
determine the frequency of the oscillations.

Conclusion

The forensic engineering analyses concluded that the
cable splice failure associated with the power cables for
the capacitor bank caused a short circuit and fire in the
4.16kV distribution system in the 88kV — 4.16kV electri-
cal substation of the plant. Since the substation’s 125VDC
control system was damaged due to the fact that the
125 VDC control cables for the capacitor banks were
routed in the same cable tray as the power cables, the sub-
station’s protection system did not operate, thus allowing
the short circuit to remain for approximately 120 seconds
while the fire in the substation was raging.

The state-of-the-art cable installation practices for
4.16kV power and 125 VDC control cables require that
these cables be installed in separate cable trays or with
metal barriers separating the power and control systems
in order to prevent failures such as those described above.

The 88kV circuit breakers in the utility 88kV over-
head transmission system were extremely slow to sense
the short circuit in the customer’s 88kV — 4.16kV substa-
tion and did not trip the 88kV overhead transmission line
when the cable splice failure occurred. This allowed the
electrical power to continue to flow to the substation for
approximately 120 seconds while the short circuit was oc-
curring in the substation and the fire was raging.

Since the 88kV circuit breakers in the utility 88kV
overhead transmission system did not trip for the first
120 seconds after the cable splice failure, the four 88kV —
4.16kV stepdown transformers were exposed to very high
short circuit currents and electromagnetic forces damag-
ing these transformers.
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The overvoltage and frequency oscillations in the in-
coming utility 88kV transmission line appear to be the
result of a ferroresonance condition in the substation that
occurred when the short circuit occurred in the substation.
The ferroresonance condition occurred due to the induc-
tance and capacitance in the 88kV — 4.16kV substation
provided by the transformers, filters and capacitors that
were energized during the duration of the short circuit
(120 seconds).
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